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Abstract
Stormwater runoff from motorway surfaces contains toxic heavy metals that are
not sufficiently removed by current treatment systems. This research has
investigated the potential use of inorganic ion exchange materials to further
reduce the levels of dissolved heavy metals.
Candidate materials (synthetic/natural zeolites, clay/modified clay, hydrotalcite,
lignite) were tested by a shaking procedure (mixed 5 mg drn? of each heavy
metals, shaken for 10 min) and analysed by atomic absorption spectrometry. The
synthetic zeolites MAP and Y showed 100% heavy metal removal and were
investigated further by a series of batch experiments. The zeolites exhibited a
selectivity sequence Pb > Cu > Cd - Zn. Zeolite MAP has a high capacity for
heavy metal uptake (4.5 meq g-1),but is not practical for use in a treatment facility
owing to its low particle size (3 urn), However, large zeolite pellets (- 2 mm) were
found to have a low heavy metal uptake (- 44 %) due to diffusion limitations.
Selected materials (zeolites MAP, Y, mordenite, and carbon-based lignite) were
tested in actual and spiked motorway stormwater. The synthetic zeolites
effectively remove heavy metals (- 100 %) but change the environmental
chemistry of the storrnwater by releasing high concentrations of sodium,
removing calcium ions and increasing the solution pH. The presence of other
dissolved contaminants in motorway stormwater inhibited the uptake of heavy
metals by the natural zeolite mordenite (34 % less removal). Alkali/alkaline-earth
metals (Na, Ca) in solution compete for exchange sites in lignite and mordenite,
reducing the heavy metal uptake. Chloride in solution forms complexes with
cadmium, severely reducing its uptake by zeolite Y. The presence of dissolved
road salt is a potentially serious concern as it causes previously exchanged
heavy metals to be re-eluted, especially zinc and cadmium. Zeolite MAP as an
exchanger is relatively unaffected by road salt.
There is potential for the use of ion exchange materials to remove heavy metals
from motorway storrnwater, but a balance needs to be achieved between a
practical particle size, capacity for heavy metal uptake and the potential
environmental impact.
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1.0 GENERAL INTRODUCTION
Over the past 50 years there has been a dramatic increase in the use of motor
vehicles, with the majority of households in the UK owning at least one car. The
widespread use of motor vehicles as the most common form of transport has led to
an expansion of the motorway network. A high volume of traffic travels on motorways
and this density of motor vehicles is responsible for releasing various chemical
pollutants (e.g. gases, organic compounds, heavy metals) into the surrounding
environment, as illustrated in Figure 1.1.
POLLUTANTS
RELEASED:
ecosystem
MOTORWAY
TRAFFIC
• gases
• heavy metals
• pa rticu late
• fuel/oil
AIR X WATER
VEGETATION SOIL
Dispersion and accumulation
of chemical species into the
surrounding environment
Figure 1.1- Schematic diagram of motorway pollution
One of the routes that motorway related pollutants can enter the environment is via
stormwater runoff. This can contain a high heavy metal load, which is transported in
to the aquatic environment with potentially toxic effects. The chemistry of the
stormwater (pH, binding species present etc) influences the speciation of the heavy
metals in the system and this determines their mobility and toxicity.
Treatment systems put in place to reduce the pollutant load in storrnwater runoff
from motorways include detention ponds and wetlands. The flow of the runoff is
attenuated in order for the particulate related pollutants to settle out into the bottom
sediment. These systems are not always effective at adequately reducing the levels
of heavy metals from the stormwater before it is released into the natural
watercourses (especially for those in the dissolved phase). The potential of
introducing an ion exchange material to provide additional treatment is proposed.
This chapter will discuss the issues surrounding heavy metals in motorway
stormwater, current treatment methods and suitable ion exchange materials that
could be used.
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1.1 MOTORWAYS AND MOTORWAY POLLUTION
1.1.1 Motorways
Motorways were first introduced in the UK in the late 1950s and now cover 3,500 km.
The volume of traffic using motorways has grown rapidly and continues to rise.
Motorways are the most heavily used roads with most of the traffic due to cars. The
london Orbital M25 motorway has the highest average traffic flow of 155,000
vehicles per day in the west direction and 125,000 in the east. Traffic flow is variable
and is highest in summer months, weekdays and at peak hours.
(http://www.transtat.dft.gov.uk, 2002)
The motorway network is continually being developed with lane expansions and
improvements made to the surfaces. Porous asphalt is often used in new road
developments in order to reduce the level of noise and quickly drain away surface
water (Pagotto et al., 2000).
1.1.2 Motorway Pollution
Pollution associated with motorways includes noise, light, dust, particulate matter,
metals and gases. The ecological effects of motorways can be short-term, in the
direct loss of habitat and long-term, in the build up of pollutants in and on nearby
vegetation (Spellerberg, 1998). The majority of pollutants arise from vehicles e.g.
combustion products (carbon monoxide, sulphur dioxide, nitrous oxides and organic
lead compounds) and vehicle wear-and-tear products (heavy metals) (Ellis et al.,
1997).
Figure 1.2 illustrates how chemical pollutants released from vehicles are dispersed
into the surrounding environment. Particles settle on the motorway and its immediate
vicinity and can be transported by the wind or washed away with rainfall (Hewitt and
Rashed, 1992). Most substances are found close to the road and the concentration
decreases rapidly with increasing distance away from the road (Koeleman et al.,
1999). Rainfall can absorb and dissolve airborne contaminants as well as washing
away the substances deposited on the surface (Muschack, 1990).
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Figure 1.2 - Dispersion of pollutants associated with motorways
1.2 STORMWATER RUNOFF
Stormwater falling onto the motorway surface gets drained away. carrying with it
pollutants (dissolved and particulate) and debris that have collected there. This
runoff is ultimately released into a local watercourse after some degree of treatment
or storage. This aspect of motorway pollution is the focus of this research.
1.2.1 Composition of Motorway Stormwater
Motorway stormwater is a complex medium containing solids (sand. silt. clay.
tar/concrete. plant debris). suspended particulate matter and dissolved substances
which have been washed from the surface (Ward. 2000).
Some typical constituents are (Hares and Ward. 1999):
• heavy metals - Cd, Co. Cr. Cu. Mn. Ni, Pb, V and Zn;
• organic chemicals - polyaromatic hydrocarbons (pAH's). polychlorinated
biphenyls (PCB's). chlorinated methanes and phenols;
• organic compounds - oil. grease. hydrocarbons and alkyl lead compounds;
• micro-organisms - fungi. parasites. viruses and faecal coliforms.
1.2.2 Sources of Pollutants in Motorway Stormwater
Pollutants originate mainly from the vehicles travelling on the roads e.g. by the
degradation and corrosion of parts and residues from combustion and leakage of
fuel/oil. Sources of pollutants can also be temporary (e.g. roadworks). seasonal (e.g
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road salting in winter) or accidental (e.g. hazardous chemical spills) (Legret and
Pagotto, 1999). The road construction materials (e.g. asphalt) can also degrade and
contribute to the pollutant load as a source and carrier of heavy metals (Lindgren,
1996).
1.2.3 Pollutant Load in Motorway Storrnwater
The pollutant load in motorway stormwater varies widely between different sites and
even within a specific site. Table 1.1 provides an example of the range of
concentrations of some principal pollutants found in motorway stormwater at a site
receiving runoff from the M1 motorway during different seasons.
Table 1.1- Seasonal concentration ranges (mg drn") of water quality parameters
(Colwill et al., 1984)
Parameter Winter Summer
pH 6.1 -7.6 5.7 - 7.0
Total Suspended Solids (TSS) 52 -717 18 - 3430
Oil 8-40 6-23
Chemical oxygen demand (COD) 44 - 362 36 - 575
Chloride 12 - 6714 1-40
Total lead 316 - 2874 100 - 8015
Total zinc 275-4047 116 - 3425
Total cadmium < 3 -102 < 3-39
Total copper 7-30 7-30
A prediction of the pollutant load can provide useful information for the design of
treatment systems. There are several factors expected to contribute, including (Pitt
et al., 1995; Scholes et al., 1998; Hares and Ward, 1999; Pagotto et al., 2001):
• motorway catchment area - age, condition and type of motorway surface;
• local topography;
• characteristics of the drainage system;
• meteorological conditions - intensity and duration of storm, weather
conditions prior to storm;
• type, age, state of motor vehicles travelling on road;
• average daily traffic density;
• flow conditions of traffic - average speed, acceleration-deceleration, stop-
starting.
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Irish et al. (1998) found that the variables influencing the concentration of a pollutant
in motorway stormwater were constituent specific. Some were affected by the
conditions during the dry period (duration of period without rainfall, number of
vehicles on the road) and others were affected by the conditions during the storm
(intensity and volume of rainfall). Barrett et al. (1998) studied three locations with
varying levels of traffic and found higher concentrations of pollutants associated with
a high traffic density, although the type of drainage system also played a role.
The process of flushing pollutants off the motorway surface is complex, influenced by
the storm characteristics and physico-chemical properties of the pollutant (Hewitt
and Rashed, 1992). A first flush phenomenon is often noticed in monitoring
motorway runoff during storm events, where the highest concentrations of pollutants
are found at the beginning of the rainfall collection (Barrett et al., 1998; Barbosa and
Hvitved-Jacobsen, 1999; Pontier et al., 2001). This has been found to be enhanced
by a long antecedent dry period followed by a short duration, constant intensity
rainfall (Barrett et al., 1998). The first flush effect appears to be constituent
dependent and more pronounced trends have been observed with dissolved species
(Ellis et al., 1997).
1.2.4 Impact of De-icing Salt
The application of de-icing salt to major roads in cold weather periods is a cause of
variation to the pollutant load. A grit/salt mixture is added to motorways in winter to
prevent the water or snow from freezing and to act as a grip improver. This causes a
potentially serious problem when large quantities of cations (Na +, Ca2+) and anions
(Cr, SOlO) become dissolved in the motorway stormwater mixture and are
introduced to the drainage system.
The exact composition of the grit salt varies with source but it often contains heavy
metal impurities and there are no standard advisory limits, Stotz and Krauth (1994)
found the following levels in analysis of 10 g of wet thawing salt:
2757 mg Na, 1095 mg Ca, 27 mg S04, 4 mg Mg,
35.5 J-lgPb, 18.7 J-l9Cu, 14.8 J-lgCr, 11_3 J-lgZn, 1.9 Jj.gCd
These results show that as well as large quantities of sodium, heavy metals are also
being added which will increase the pollutant load of the stormwater runoff. It is
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evident that de-icing salts are a major contributor to vehicle corrosion, thereby
contributing to the heavy metal load in motorway stormwater (Field et a/" 1974).
The levels of cations and anions found in motorway stormwater vary widely through
the seasons. The highest concentrations are found in the winter periods, as shown in
Table 1.2.
Table 1.2 - Comparison of cations and anion concentrations in motorway runoff,
control river water and the regulatory limit (mg dm-3)
Summer' Winter' ControlT Limie
Na+ 4-75 20560-61675 7-22 170
Ca2+ 75-183 1560-2250 45-140 nv
cr 15-145 18000-27900 8-36 250
SO.t 15-45 1260-4130 8-46 400
1 (Watts, 1998)
2 Environmental quality standard (EQS) for freshwater (mg dm-3) nv = no guidance value
The treatment systems in place to reduce pollutant loads (Section 1.4) have been
found to be effective in decreasing the occasionally high concentrations of cations
and anions in the runoff. However, the discharge levels can still be higher than the
natural watercourse and are above regulatory limits (Watts, 1998). The level of
anions and cations present at various stages of the treatment system depends on
the period and duration of the rainfall, e.g. if the rainfall is heavy then the levels of
pollutants are diluted (Hunter, 1998).
There is limited knowledge surrounding the impact that high concentrations of anions
and cations have on water quality and the aquatic environment. A greater concem is
that they may significantly alter the chemistry of the stormwater and affect the
mobility and bioavailability of the heavy metals through the formation of soluble
chloride and sulphate complexes (Bingham et al., 1984; NorrstrOm and Jacks, 1998).
This is discussed in more depth in Section 1.3.4.
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1.3 HEAVY METALS IN MOTORWAY STORMWATER
Chemical pollutants of prime concern in motorway stormwater are heavy metals,
emanating from the vehicles on the road (e.g. Pb, Cd, Zn, Cu). These can be
considered toxic to the aquatic environment at the levels found and create an
environmental problem due to their non-degradable nature (Davis et al., 2001). The
chemistry of the heavy metals within the drainage system is important in evaluating
their potential toxicity and mobility within the environment.
1.3.1 Sources of Metals in Motorway Stormwater
The vehicles travelling on the road are the main origin of heavy metals in motorway
stormwater. Sources can be intemal (from the internal combustion engine) or
external (from the outside of vehicle). Heavy metals are likely to accumulate on the
motorway surface through adsorption on to particulate materials (e.g. abrasion
products) which are subsequently dispersed by vehicle movements or washed from
the surface by rainfall.
Emission Products
Fuel, lubrication oils, brake fluid, anti-freeze, corrosion preventing agents etc. contain
heavy metal additives (e.g. Pb, Cr, Ni, Cu, V) which can be lost during operation or
emitted on combustion through the exhaust as an aerosol (Muschack, 1990). Some
metals (Cu, Cd) are not found in the virgin oil but have been found to accumulate
during use from the wear of engine components (Davis et al., 2001). The
concentration of heavy metals present in petrol and diesel are very low (Ward,
1990). Metals released as a result of lubricating oil additives and wear of engine
components will be negligible as long as the engine is in good condition, as it uses
less oil (Rayson, 1990).
A major environmental problem was the use of tetra-methyl lead (TML) and tetra-
ethyl lead (TEL) as anti-knock additives in fuel (Ward, 1989). However, several
researchers have recently observed that the lead content found in motorway runoff
water has significantly decreased in comparison to previous years (Hares and Ward,
1999; Legret and Pagotto, 1999). This is for two reasons: the concentration of these
lead additives in fuel has been reduced (0.15 gIL since 1989 compared to 0.40 gIL
previously) and there has been a drop in the number of vehicles using leaded petrol
(Legret and Pagotto, 1999). The use of leaded petrol has been phased out in the UK
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although lead may still be present in the surrounding motorway environment
because of its previous extensive use.
Corrosion and Wear
Metals are released by the corrosion and wear-and-tear of external parts of vehicles,
e.g. tyres and brake linings. Table 1.3 shows some sources of metals found in
motorway stormwater. The amount of metals that are released by these processes is
directly related to the traffic density and driving conditions (e.g. type of vehide, fuel
efficiency), acceleration and braking is a particular problem on busy motorways
(Ward, 1989).
Table 1.3 - Sources of metals commonly found in motorway stormwater'
Element Source
Zn Tyre and brake pad wear
Cd Tyre wear
Cu Brake pad wear, metal plating, chassis and paint
Cr Metal plating
Ni Metal plating and welding
V Metal plating and welding
Fe Bodywork
AI Bodywork
Mo Chassis and paint
(Ward, 1993)
Development of plastics and composites in vehicle construction and improved
corrosion resistance has reduced the levels of metals released. However, this is
offset by the rapid increase in the number of cars on the motorways (Ellis et al.,
1997).
Dispersion of Metals
Legret and Pagotto (1999) estimated the amount of metal released from the
probable sources in comparison to the amount of metal found in the stormwater. This
provided an indication of how the pollutants disperse following their release and how
much ends up in the drainage systems. Only 5 % of the lead emitted appeared to be
found in the runoff water, suggesting that the majority is dispersed into the
atmosphere or settles out by the road (see Figure 1.2). Similar results were found in
calculations by Hewitt and Rashed (1992).
-9-
Sarah Pitcher HEAVY METALS IN MOTORWAY STORMWATER AND TREATMENT METHODS
1.3.2 Typical Concentrations of Metals in Motorway Stormwater
A wide range of metals have been found in motorway stormwater; Table 1.4 provides
examples of the metals present and their concentrations found by various
researchers. The levels vary due to differences in the sites and conditions during
sampling. Concentrations of metals also vary at particular sites, as previously
discussed (Section 1.2.3). The antecedent dry period and traffic densities are
important factors controlling metal levels and first flush trends are often observed
(Harrison and Wilson, 1985a; Hewitt and Rashed, 1992; Barrett et al., 1998).
Table 1.4 - Reported mean values of total metals found in motorway stormwater
from the literature (Jlg drn").
Pb Zn Cr Cu Cd Ni
Stotz, 1990 165 290 5 60 2 na
Scholes et al., 1998 32 632 5 35 10 31
Hares and Ward, 1999 81 208 105 274 14 93
Lundberg et al., 1~99 9 167 3 17 0.4 17
na = not analysed
Comparison of these concentrations found in motorway stormwater with the
regulatory values in Table 1.5 show that the environmental quality standard
guidelines for freshwater are being exceeded for Zn, Cd and Cu on some occasions.
Table 1.5- Environmental quality standard (EQS) for freshwater and UK drinking
water limits for heavy metals (Jlg cm").
Pb Zn Cr Cu Cd Ni
Freshwater EQS 4-250 8-500 5-250 1-28 5 50-200
UK drinking water 50 5000 50 3000 5 50
This study will concentrate on the four commonly studied heavy metals of prime
concem in motorway stormwater, owing to their presence in high levels (Cu and Zn)
or high toxicity (Pb and Cd).
1.3.3 Dissolved I Particulate Partitioning of Heavy Metals in Motorway
Stonnwater
Heavy metals in stormwater runoff exist either as dissolved species or adsorbed on
to the surfaces of particulate matter from the motorway surface. The distribution of
the heavy metal load between dissolved and particulate fractions is a function of the
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nature of the solids present, the residence time on the motorway, the chemistry of
the heavy metal and the pH of the water (Sansalone and Buchberger, 1995;
Sansalone and Buchberger, 1997).
The distribution of the heavy metals between phases is important in understanding
their transportation from the motorway and their removal within the treatment
system. Soluble heavy metals are removed from the road rapidly whereas particulate
matter needs high intensity rainfall to be dislodged from the surface (Harrison and
Wilson, 1985a). The main treatment process for the removal of heavy metals from
motorway stormwater involves retaining the water in large ponds (discussed further
in Section 1.4) so pollutants can settle out, this occurs more readily with particulate
associated heavy metals (Yousef et al., 1990).
Monitoring storm profiles (concentration of pollutant as a function of storm duration)
of pollutants tends to show a significant correlation between the removal of
suspended solids and the removal of heavy metals from the motorway runoff. This
implies a high proportion of heavy metals are associated with the solid phase (Hewitt
and Rashed, 1992; Sansalone and Buchberger, 1995; Sansalone and Buchberger,
1997). It has also been found that a higher concentration of heavy metals exist in the
fine fractions (0.08 - 0.2 mm) of suspended solids in motorway stormwater
(Xanthopoulos and Hahn, 1990).
When measuring levels of heavy metals in motorway stormwater it is necessary to
distinguish between total heavy metal load and the dissolved/particulate phase.
Typical methods involve filtering (0.45 urn filters) the motorway stormwater,
analysing the filtrate for dissolved heavy metals and acid digesting the filter to
determine the particulate heavy metal content (Harrison and Wilson, 1985b). In
general, lead is found to be highly particulate bound and zinc and cadmium primarily
exist as dissolved substances (Lundberg et al., 1999; Hares, 2000). Copper exhibits
intermediate behaviour, Yousef et al. (1988) found only 26 % of the total copper in
the particulate phase but Hewitt and Rashed (1992) measured 75 %.
1.3.4 Speciation of Heavy Metals in Motorway Stormwater
It has become increasingly understood that the species of a heavy metal strongly
influences its distribution, mobility and bioavailability in the environment. Speciation
is the term used for describing the amounts and types of species, forms or phases
present. It can be defined functionally (e.g. portion available to a plant type),
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operationally (e.g. chemical fractionation of soil) or as specific chemical compounds
(Ure and Davidson, 1995). The environmental conditions such as solution pH, redox
potential, presence of complexing ligands and availability of particle surfaces for
adsorption, influence the speciation of a heavy metal at a particular time (Ure and
Davidson, 1995).
In aqueous systems metals can exist as (Tessier and Turner, 1995):
• hydrated free metal ions;
• dissolved inorganic complexes - carbonates, hydroxides, sulphates and
chlorides;
• dissolved organic complexes - humic substances;
• metal species in the form of dispersed colloids; and
• metals adsorbed on colloids or suspended particulate matter.
Full characterisation of all forms of a metal is not practical, but the important forms or
associations can be determined and the possible transformations within the system
understood in order to assess the environmental impact (Ure and Davidson, 1995).
Analysis can involve the direct detection of specific forms of a metal or
fractionation/separation and subsequent total elemental analysis. A review of heavy
metal speciation studies on motorway stormwater or similar systems in the literature
will provide a greater understanding of the removal processes and toxicity of heavy
metals in motorway stormwater. The environmental conditions will change
throughout the treatment system and on release of the stormwater to the natural
watercourse; hence it is necessary to consider the factors influencing speciation.
Heavy Metal Removal
In Section 1.3.3 the heavy metal removal was discussed in relation to dissolved and
particulate fractions. Heavy metals in the dissolved portion ean settle out by a
change in speciation e.g. by combining with anions that form insoluble compounds
and are subsequently removed from solution. The heavy metals contained within the
sediment are bound to varying degrees depending on the chemical fraction they are
associated with. Changing environmental conditions (e.g. pH, binding species
present, redox conditions) in the treatment system can change the speciation
affecting the mobility of heavy metals. For example, at an acidic pH heavy metals are
more soluble and will be transported further through the system and could even be
re-mobilised from the sediment at the bottom of the treatment pond.
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Chemical Fractionation of Sediment
The heavy metals within roadside soils, dust and sediment from detention ponds are
distributed between different chemical fractions. Analysis of these can provide
information on how the heavy metals are bound and how they will be influenced by
the chemistry of the surrounding water. Sequential extraction schemes based on that
of Tessier et al. (1979) are commonly used. The technique involves using various
chemical reagents to successively displace specific geochemical phases and
analysing each fraction for the heavy metal content.
Heavy metals are distributed through the following phases with different potential
release mechanisms (Ure and Davidson, 1995; Carapeto and Purchase, 2000):
Chemical Fraction:
Exchangeable
Carbonate bound
Fe and Mn oxides
Organic bound
Residual
Potential Release:
readily solubilised
released in acidic conditions
can be reduced
destruction of organic matter or
presence of strong complexing agents
firmly bound
The distribution of a heavy metal between chemical fractions depends on the
particular heavy metal and the properties of the soil, giving rise to some variations in
reported results (Norrstrorn and Jacks, 1998). The fraction in which a particular
heavy metal is dominant is fairly consistent between studies for suspended or settled
sediment in motorway stormwater, although the methodology used may vary. A
summary of the dominant fraction for each heavy metal of interest is listed below
(Harrison and Wilson, 1985b; Lara-Cazenave et a/.,1994; Norrstrom and Jacks,
1998; Hares, 2000, Pagotto et al., 2001):
Copper
Lead
Cadmium
Zinc
- organic
- Fe and Mn oxides or carbonates
- exchangeable
- widely distributed, Fe and Mn oxides
Sediment Leaching Experiments
Several studies have been carried out with contaminated sediment and soil from
motorway treatment sites to assess the affect of various parameters on the levels of
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heavy metals leached into solution. Yousef et al. (1990) found an increase in the
levels of heavy metals released with a more acidic solution pH, although varying the
redox conditions did not have a significant effect. This is consistent with results from
Pagotto et al. (2001) where zinc and cadmium were found to be most susceptible to
exchange into solution. These were also the heavy metals most likely to be released
in a study by Warren and Zimmerman (1994) who found that temperature and
sodium chloride were significant factors influencing the distribution between
dissolved and particulate fractions. It was proposed that a higher proportion of heavy
metals would be in the dissolved (more bioavailable and more mobile) phase in
winter months when the temperature was lower and the concentration of sodium
chloride was higher.
De-icing Salt
Dissolved de-icing salt in motorway stormwater is commonly reported as a problem
that can have a significant effect on the mobility of heavy metals by changing the
speciation in the dissolved phase and the sediment/soil.
The following processes have been found to alter the associations of heavy metals
and subsequently increase their mobility:
• sodium ions can displace colloids and organic matter from soil dispersing the
accumulated heavy metals (Amrhein et al., 1993; Norrstrorn and Bergstedt,
2001);
• competition from sodium for binding sites can reduce the binding of heavy
metals in soil (Meriam, 1991; Warren and Zimmerman, 1994); and
• the formation of soluble chloro complexes, (e.g. CdCI2) promotes the soluble
portion and releases heavy metals from the sediment (Donner, 1978;
Bingham et al., 1984; Norrstrom and Jacks, 1998;Ward et al., 2000).
Amrhein et al. (1992) found differences between mobilisation mechanisms for heavy
metals. Cadmium was released from roadside soil by complexation with chloride ions
but mobilisation of copper and lead was controlled by the dispersion of organic
matter.
ToxiCity of Heavy Metals
For a heavy metal to be toxic to an organism it must be in a biologically available
form. The total dissolved concentration of a heavy metal is sometimes used as an
approximation of this bioavailable fraction. Although, this is not necessarily the case
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as a large proportion of dissolved copper, for example, exists in complexed and non-
bioavailable forms in natural waters (Allen and Hansen, 1996). The bioavailability of
a heavy metal is related to the amount (Piette et al., 1999):
• present as free ions;
• taken up by the organism;
• with potential to cause effect; and
• that can be sorbed by the organism in a given environment.
The toxicity of a heavy metal not only depends on its speciation but on the
environmental conditions (pH, competing ligands etc.) and the characteristics of a
particular organism.
Factors Affecting Toxicity
Yousef et a/. (1988) conducted bioassay experiments (with species typical of the
local environment) to investigate the factors affecting the toxicity of heavy metals in
motorway stormwater. Hardness, alkalinity and organic content were found to play
an important role. The toxicity can be reduced in two ways (Paquin et al., 2000):
• changing the speciation of the heavy metals to the formation of less
bioavailable compounds;
• competition from other ions in solution for binding sites at the physiological
active membrane of an organism.
The presence of salt in solution reduces the toxicity of cadmium through the
formation of cadmium chloride compounds. This reduces the levels of the toxic free
cadmium ions (Bingham et al., 1984; Wildgust and Jones, 1998). Similarly, water
hardness, alkalinity and dissolved organic material promote the formation of the less
soluble or less bioavailable carbonates, hydroxides and organic complexes, at the
expense of the toxic free metal ion (Paquin et al., 2000). The presence of calcium or
magnesium ions can reduce the toxicity of copper by competing for binding at active
sites on the biological membrane (Playle et al., 1993, Markich and Jeffree, 1994).
Furthermore, protons can also compete at the cell surface (Allen and Hansen, 1996).
Prediction of Toxicity
The toxicity of metals is often predicted or assessed using the activity of the free
metal ion in computer modelling or bioassay experiments (Davies et al., 1998;
Tessier and Turner, 1995). Using ion characteristics, metal binding tendencies can
be linked to binding with biomolecules (McCloskey et al., 1996). Campbell et al.
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(2000) found the amount of free metal ion in solution could predict the toxicity of
copper, but not cadmium or zinc. Variations in toxicity are associated with metal
transport mechanisms and the physiological status of the organism.
Analysis of the Toxic Fraction in the Dissolved Phase
Speciation analysis on the dissolved fraction of various water systems determines
the bioavailability and toxicity by evaluating the labile fraction. Labile species
dissociate or exchange ligands rapidly e.g. cations and inorganic complexes (Tessier
and Turner, 1995; Sedlak et al., 1997). The labile portion as determined by Anodic
Stripping Voltammetry (ASV) often estimates the toxic fraction of the heavy metals
within the dissolved phase (Morrison and Florence, 1990). Chelating resins are also
used to extract labile species, as they have an affinity for metal ions and exclude
large complexes and colloidal particles (Ure and Davidson, 1995).
Speciation Studies of Motorway Storm water
There are only a few speciation schemes on the dissolved fraction of motorway
stormwater. Harrison and Wilson (1985c) used a combination of ASV and chelating
resin techniques to determine that copper and cadmium were labile, although copper
was associated with organic ligands. Lead was found to be non-labile in strongly
complexed forms. A similar experimental scheme was conducted by Lara-Cazenave
et al. (1994) with filtered urban runoff. In this case, cadmium was extremely labile,
copper was present as stable organic complexes, zinc was variable depending on
the concentrations of suspended solids and stable and slowly labile complexes were
found for lead. Flores-Rodriguez et al. (1994) evaluated the bioavailable portion of
storm sewer discharges by extraction with a chelating resin. The majority of
cadmium and zinc present was bioavailable but lead was often found in stable forms.
Morrison eta/. (1990) evaluated the transformation of heavy metal species through a
stormwater treatment system. Heavy metals tend to be released in a free ionic or
weakly complexed form from road dust and are transformed depending on the pH
and dissolved oXYQencontent on the stormwater. Copper and lead tend to adsorb
onto suspended solids - copper has a preference for organic ligands and lead is
dominantly associated with particulate, but only weakly adsorbed. Cadmium and zinc
have a tendency to remain ionic and potentially toxic.
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The aqueous chemistry of the four heavy metals of interest (lead, cadmium, zinc and
copper) is considered individually and the literature findings for their speciation in
motorway stormwater summarised.
Lead
Lead exists in the (II) oxidation state in the more stable inorganic compounds or (IV)
when it is associated with organic ligands. It hydrolyses in water to form PbOH+and
the lead content in solution decreases with increased pH and increased hardness.
PbC03 dominates in natural environmental conditions and as with other lead
compounds (PbS, PbCI2), it is very insoluble. (Fergusson, 1990)
Lead in motorway stormwater primarily arises from its use as a fuel additive. The
alkyl-lead compound is converted to PbO on combustion. This inorganic lead
compound tends to accumulate in the engine and so ethylene bromide or ethylene
dichloride is added as a preventative measure \'Nard, 1989). Volatile lead halides
are produced which are removed in the exhaust gas in the form of particulates in the
range 0.2 to 2 microns (Rayson, 1990). In motorway stormwater, lead tends to be
associated with particulate matter or is likely to form insoluble carbonate compounds.
As a result lead is likely to be readily removed from solution.
Cadmium
Cadmium is found in the (II) oxidation state in all its compounds. CdO, Cd(OHh,
CdC03, have low solubility in water. Cd has a strong affinity for sulphur and the
species is stable in a reducing environment (Fergusson, 1990). Cadmium also forms
halogen compounds and the salts of strong acids are readily soluble e.g. CdCI2
(Stoeppler, 1991). The free ion Cd2+ is the dominant species in motorway stormwater
at neutral pH and the carbonate form dominates at a higher pH (Yousef et al., 1988).
It is the most mobile heavy metal, often found in the dissolved labile phase and in the
exchangeable fraction of sediment. In the sediment it is particularly susceptible to
release with acidic conditions and is likely to form soluble chloride complexes when
de-icing salt is present in solution.
Zinc
In aqueous systems a significant fraction of zinc is present in the hydrated ionic form
and it also forms strong complexes with chloride and fulvic acids (Nriagu, 1980a). It
behaves similarly to cadmium in motorway stormwater, mainly existing as free ions
below pH 8 and controlled by the carbonate form at a more alkaline pH (Yousef et
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al., 1988). The speciation of zinc in motorway stormwater and sediment appears to
be variable and highly dependent on the environmental conditions. In general, zinc is
fairly mobile and can be leached from the sediment.
Copper
Copper is an easily complexed element and can exist in the (I) or (II) oxidation
states. The principal copper species present in natural waters are CuOH+, Cu(OHh,
CuC03, Cu(C03h2- and it readily complexes with organic species present, e.g. humic
substances. Inorganic compounds are the most toxic (Cu2+ and CuOH+) and the
organic-bound copper is not biologically active (Allen and Hansen, 1996). Speciation
analysis of copper in wastewater found relatively high concentrations of moderately
strong organometallic complexes (e.g. humic species) and strongly complexed
(polydentate ligands) copper (Sedlak et al., 1997). In sediment, copper is commonly
found in organic or residual fractions, depending on the organic content.
1.3.5 Environmental Impact of Heavy Metals in Motorway Stormwater
Runoff from motorways affects the aquatic environment. The diversity of the species
found and quality of the vegetation declines with adverse effects noticed for some
organisms (Pitt et al., 1995). The heavy metals in motorway runoff are toxic elements
and their discharge into natural watercourses could have damaging effects on
human health and the environment. The impact on the receiving environment will be
site-specific depending on the sensitivity of the natural ecology, wildlife present and
the pollutant load of the runoff (Shutes et al., 1999).
In some cases, the treatment ponds themselves also act as a habitat for aquatic and
terrestrial wildlife and elevated heavy metal levels have been observed in various
species (Karouna-Renier and Sparling, 2001). In particular, bottom feeding fish have
been found to contain high levels of heavy metals from the ingestion of sediment
(Campbell, 1994). They can also re-suspend the sediment releasing heavy metals
that can be accumulated through the food chain (Shutes et al., 1999).
The danger is not so much the acute toxicity of the heavy metals but the long-term
chronic exposure, as the metals bioaccumulate and cannot degrade (Ellis and Revitt,
1991; Ellis et al., 1997). The toxic effect of the four heavy metals of prime concern
will be discussed in further detail in relation to various environmental and human
health aspects.
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Lead
Lead is a non-essential heavy metal, which is ubiquitous in the environment and
readily accumulates in biological organisms. Lead pollution is generally atmospheric
and it can be absorbed by mammals by inhalation of particulate or taken up via the
food chain from deposited particles on the surface of soil, water or plants (Ewers and
Schlipkoter, 1991). Lead is most toxic in the dissolved ionic form (Pb2+), which is a
general metabolic poison, causing kidney dysfunction and brain damage (Baird,
1995). Lead ions have similar properties to calcium ions and ean be stored in bone
tissue, possibly contributing to osteoporosis (Kaim and Schwederski, 1994). The
ethyl-lead compounds from petroleum additives in the dissociated carbanion form
(R3Pb+) are lipophilic and hence can easily penetrate membranes (Ewers and
Schlipkoter, 1991). Although the ethyl lead compounds are highly toxic, causing
severe disorders of the central nervous system (Kaim and Schwederski, 1994), they
are unlikely to be present in high concentrations as discussed in Section1.3.4.
Cadmium
Cadmium is an extremely toxic heavy metal exhibiting acute effects to the respiratory
and digestive tracts and accumulation in the kidneys and liver in the long-term. It is
readily absorbed by plants through the soil or directly from precipitation due to its
high solubility. Adverse effects are observed for terrestrial and aquatic plants in
cadmium contaminated conditions (Stoeppler, 1991). Chronic effects through long
term ingestion can result in a degenerative bone disease known as Itai-Itai in
humans (from an incident in Japan). The Cd2+ replaces the Ca2+ in bones (similar
ionic radius), which causes severe pain in the [olnts and eventually bones may
fracture and collapse. The sulphur-rich protein metallothionein protects humans
against chronic exposure because the sulphydryl groups complex with the Cd2+ and
are eliminated in the urine at low doses (Baird, 1995). Carcinogenic effects have
been noted in animal experiments with various cadmium compounds, including
cadmium chloride. Furthermore, cadmium can also have an antagonistic effect on
zinc, impairing its essential functions (Stoeppler, 1991).
Zinc
Zinc is an essential trace element in all living systems, performing a variety of
necessary functions. The toxicity of zinc and zinc compounds to plants is generally
low and only occurs in soils or water with excessive zinc present (Ohnesorge and
Wilhelm, 1991). Zinc can be hazardous to aquatic life and acute effects have been
noted for some types of fish species. Toxicity studies considering speciation
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revealed that fish were more tolerant to zinc at a lower pH and that an increased
hardness component reduced the toxicity (Nriagu, 1980b). Chronic effects are rare
although excessive long-tenn intake of zinc could interfere with copper and calcium
metabolism in humans (Ohnesorge and Wilhelm, 1991).
Copper
Copper is essential to human life although it can also be very toxic. It is involved with
a number of specific physiological processes as bound copper proteins and there are
active mechanisms which control the toxic potential. Excess ionic copper combining
with the copper proteins can alter their physiological function and result in toxic
effects (Scheinberg, 1991). Copper can also interact with other essential elements,
for example, an excess of copper can lead to zinc deficiency. In water, copper is
extremely toxic to aquatic biota which have a greater sensitivity than
humans/animals consuming the water. Algae, aquatic invertebrates and fish are all
affected, with the toxic response depending on the organism. The toxicity can be
chronic or acute. Some of the observed effects on fish are in their behaviour, growth,
and reproduction, eventually leading to disease or death (Nriagu, 1979).
1.4 MOTORWAY STORMWATER TREATMENT SYSTEMS
The prime objectives for dealing with stormwater runoff from motorways are to
remove it from the surface quickly, to promote safer driving conditions, and to control
the release of the large volume of water into the environment to prevent flooding
(Pontier et al., 2001). Originally, surface water from motorways was directly drained
to the nearest watercourse without consideration of the pollutant load and the
environmental impact on the receiving waters (Scholes et al., 1998). It is now
acknowledged that this is not acceptable and various types of treatment systems
have been developed to control and treat stormwater runoff from motorways.
Drainage systems will often incorporate devices designed to (Barker et al., 1999):
• collect the runoff water;
• transport it to another point in system;
• remove coarse sediment;
• store the water at peak flow;
• reduce pollutant load; and
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• release it to a natural watercourse.
The processes by which pollutants are removed from the runoff and examples of
devices used are summarised in Table 1.6.
Tab/e 1.6 - Pollutant removal mechanisms and examples of treatment systems
(Colquhoun, 1994; Barker et a/., 1999)
Removal Process Treatment System
Trapping sediment Gully pots, grit traps, sedimentation
traps, lagoons
Infiltration of runoff through soil or Grassy swales, infiltration basins,
vegetation soakaways, wetlands
Settling out of pollutants by attenuating Detention ponds, wetland systems
the water flow
Targeting specific contaminants Oil Interceptor
The design of the drainage system depends on the particular site and important
considerations in the choice of facility include the size of the site, the flow
characteristics of stormwater, maintenance required and cost (Sansalone and
Buchberger, 1995). A major problem in planning a treatment facility is the wide
variation in pollutant load (even within a particular site) and the need to control
occasional high volumes of water.
Modem drainage systems often incorporate a series of pollution control devices to
remove specific contaminants and ensure an improved quality of runoff entering the
natural watercourse. A succession of treatment stages is employed at the Newbury
Bypass (A34 motorway), which opened in 1998. The road surface is porous asphalt
and the runoff is channelled through an oil interceptor, sediment trap, grassy slope
into a constructed wetland before being released into the local river (Pontier et a/.,
2001).
There have been several studies on the treatment of motorway stormwater
investigating various aspects of the processes involved in the removal of heavy
metals and assessment of the effectiveness of different treatment methods. The
following sections discuss in more detail the two main types of system used in the
UK, namely detention ponds and wetland systems.
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1.4.1 Detention Ponds
These are large catchment ponds that store stormwater runoff from the motorway.
They are primarily designed to control and attenuate the flow of the runoff and do
also reduce the pollutant load to some degree by retaining the water to provide time
for particulate to settle-out (Barker et al., 1999). Dissolved heavy metals are
removed through various chemical and biological processes, although to a slower
and lesser extent (Yousef et al., 1990).
There are different types of detention ponds. Wet detention ponds are shallow ponds
that have a permanent level of water, providing dilution of pollutants. Dry detention
ponds only contain water during storm conditions and use a dry weather channel at
low water level times. Dry detention ponds have not been found to be as effective,
mainly due to the re-suspension of sediment with high incoming flows of runoff (Ellis
and Revitt, 1991). Comings et al. (2000) found wet detention ponds were more
efficient as the permanent pool of runoff allowed greater time between storm events
for pollutants to be removed either by settling or chemical/biological reactions.
The effectiveness of treatment systems is usually expressed in terms of the
percentage removal efficiency of the studied pollutants. Significant variation was
found in the removal efficiencies of the different detention ponds investigated by
Mesuere and Fish (1989). The capability of the system depends on several factors:
metal speciation at time of input; duration and intensity of storms; and retention times
of the ponds.
Sedimentation Studies
Heavy metals accumulate in the sediment at the bottom of the detention ponds.
There have been studies investigating the rate of sediment accumulation, heavy
metal content and leaching characteristics of the sediment with a view to furthering
information on the efficient design, operation and maintenance of detention ponds
(Yousef et al., 1990; Yousef et al., 1994; Marsalek and Marsalek, 1997).
The rates and location of heavy metal deposition in detention ponds are affected by
the retention time of the runoff, flow conditions and sediment characteristics
(Karouna-Renier and Sparling, 2001). Larger, more dense particles tend to settle out
more readily (Ellis and Revitt, 1991) although the highest concentrations of heavy
metals are found in the finer fraction of sediment (Krein and Scharer, 2000). Levels
of heavy metals in sediment extracted from detention ponds are highly variable,
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depending on the metal and the site studied. Yousef et al. (1994) found higher
concentrations of heavy metals in sediment with a high clay/silt component and the
organic content appeared to immobilise the heavy metals.
Concentrations of heavy metals in sediment decrease exponentially with depth, the
highest levels being found in the top 20 cm by Yousef et al. (1990). The rate of
accumulation varies between sites. Stanley (1996) estimated that the sediment in dry
detention ponds accumulated at a slow rate of 0.2 cm per year, but a study by
Marsalek and Marsalek (1997) calculated a higher rate of 2 cm a year. In some
cases the levels of heavy metals in the bottom sediment are below that considered
to be polluted and do not readily leach, therefore it does not need to be disposed of
as hazardous waste (Yousef et al., 1994). However, in other places further treatment
of the contaminated sediment is thought necessary due to high heavy metal
concentrations and high proportions found in readily mobile phases (Marsalek and
Marsalek, 1997).
1.4.2 Wetland Systems
Natural or constructed wetlands are wastewater treatment systems commonly used
for industrial and agricultural purposes that have become increasingly popular for
motorway stormwater treatment (Scholes et al., 1998). They incorporate a vegetative
section (e.g. wet detention pond lined with reeds) and provide treatment by
biofiltration - i.e. interaction of the runoff with vegetation (Ellis, 1990).
There are several mechanisms involved in reducing heavy metal levels in wetland
systems (Ellis and Revitt, 1991):
• Sedimentation - the foliage present in the wetland acts to attenuate the flow
of the runoff through the system encouraging the settling of particulate and
related heavy metals;
• Adsorption and biological uptake - dissolved heavy metals can be adsorbed
by the underlying soil and taken up by plant species;
• Physico-chemical interactions - changes in chemical equilibria in the wetland
system may cause dissolved heavy metals to precipitate, e.g. cadmium can
form insoluble sulphides under reducing conditions.
Design criteria for constructed wetlands have been recommended for use as part of
an integrated pollution control system for treating motorway runoff. The retention
time of the stormwater in the pond is an important factor as is installing plants with a
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high tolerance to heavy metals and underlying soil with a high organic content to
increase sorption (Ellis, 1990). There are two types of constructed wetlands -
surface flow (where the water is exposed) and sub-surface flow (where the
stormwater is channelled through a gravel bed below the surface, Figure 1.3), the
latter is regarded as being the more effective (Shutes et al., 1999).
INLET
Lower Upper surface Clay lined base
water level level
Figure 1.3 - Design of a sub-surface constructed wetland
(based on Shutes et al., 1999)
Plant Species
The type of plant species used in wetlands has been studied to investigate how they
remove heavy metals from solution and the types showing good heavy metal
accumulation.
Two separate processes appear to occur in immobilising the heavy metals following
uptake by the plant: complexation by free ions in root cell walls and enzyme-
mediated incorporation into shoot tissue (Ellis, 1990). In some cases, the rhizomes
and roots also provide a sediment sink, which reduces the re-suspension of particles
(Mungur et al., 1995).
The most commonly used reed is Typha latifolia, which grows naturally in wetland
areas and has a high tolerance to heavy metals. Typha Jatifolia appeared to be the
most effective for the uptake and storage of pollutants (including zinc and lead) in a
study by Ellis et al., (1994). However, Mungur et al. (1995) found that heavy metal
uptake was more efficient in Iris pseudacorus and Phragmites australis than Typha
latifolia. Recently constructed wetlands, such as those receiving runoff from the
Newbury bypass, use several different types of macrophyte species planted at
various depths to sustain maximum efficiency (Pontier et al., 2001).
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Analyses of the tissues of the various parts of the plant species have also compared
which component has the greatest heavy metal uptake efficiency. In Typha /atifo/ia
the heavy metals tend to accumulate most in the root portion (Mungur et a/., 1995;
Ellis et a/., 1994; Scholes et al., 1998). Results from studies on Typha Latifolia have
indicated a positive correlation between the heavy metal contamination in the
soil/sediment material and the uptake of the heavy metals by the plant species.
Interactions of other factors (pH, organic content, and the presence of other metals)
also have an effect on the amount of heavy metal taken up by the plant (Taylor and
Crowder, 1983). The dissolved proportion of the metals may indicate their relative
uptake by plant species, although complexation of copper and lead with organic
matter could also inhibit their uptake (Hares, 2000).
Wetlands have been found to be effective in reducing the levels of heavy metals in
the stormwater flowing through it. The main removal mechanism is promoting the
sedimentation of the particulate related portion (Pontier et a/., 2001). The heavy
metal removal efficiency is highly variable and wetlands appear to perform better
during storm conditions than dry periods (Carapeto and Purchase, 2000).
1.5 PROBLEMS WITH EXISTING TREATMENT SYSTEMS
Maintenance
The main problem found in motorway stormwater treatment systems currently in
place is a lack of maintenance. A build-up of sediment reduces the volume of water
the pond can store and increases the problem of re-suspension resulting in heavy
metals being leached into the dissolved phase (Martin, 1988; Ellis et al., 1997;
Lundberg et a/., 1999).
An example of a poorly maintained detention pond that is not working effectively is
the Windlesham Arboretum. It is a private site consisting of a series of man-made
ponds used for fishing, linked to a detention pond that receives runoff from the M3
motorway. The sediment and contaminated plant material have not been cleaned-up
since the detention pond was constructed. Various research projects have monitored
the site, finding extremely high levels of contaminants in the detention pond, which
are not reduced effectively before they enter the lake system (Kerwick, 1999; Stead
et a/., 2000).
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The problem of maintenance is also a serious issue with ponds incorporating reed
beds. For the plants to be effective they need to be properly established and
harvested at the end of the season. Problems have arisen with flooding of the beds
during construction (Scholes et al., 1999), the spread of invasive vegetation
competing with the reeds (Ellis et al., 1994) and drastic die-off of foliage during
winter months (Heales, 2001). In a large storm event the volume of water may wash
over the reed beds flattening the plants and not providing satisfactory treatment.
Mungur et al. (1995) found the vegetation was not sufficiently attenuating the water
flow and the heavy metals were not adequately removed as a consequence of the
reduced contact time.
De-icing Salt
The elevated levels of sodium and chloride present in the runoff during cold weather
periods are not effectively removed by the treatment facilities and cause several
secondary problems. The presence of chloride and sulphate ions appears to reduce
the proportion of heavy metals in the bioavailable form, which could affect the ability
of Typha latifolia to take up the heavy metals (Heales, 2001). Typha latifolia is also
unable to survive with prolonged exposure to a high salt concentration and the
species cannot develop under saline conditions (Hootsmans and Wiegman, 1998).
The presence of sodium and chloride ions in the stormwater is one of the major
factors in the leaching of heavy metals from the sediment or roadside soil (Amrhein
et al., 1992;Warren and Zimmerman, 1994; Ward et al., 2000). Other environmental
parameters that could release heavy metals are an acidic pH, reducing conditions
(Norrstrom and Jacks, 1998) and the decomposition of organic matter (Krein and
Schorer, 2000). Increasing the proportion of heavy metals in the dissolved phase
increases their mobility within the treatment system and they are more likely to be
released into the natural watercourse.
Dissolved Heavy Metals
The removal mechanisms in current treatment systems are based on attenuating the
flow of the stormwater in order for the pollutants to settle out. This can be effective
for heavy metals associated with particulate matter but not so for heavy metals in the
dissolved phase (Hares, 2000). The fine, less settleable fraction of suspended solids
also contains the highest heavy metal load (Xanthopoulos and Hahn, 1990).
Although lead is predominantly found associated with particulate matter, Morrison et
- 26-
Sarah Pitcher HEAVY METALS IN MOTORWAY STORMWATER AND TREATMENT METHODS
al. (1990) found that some lead was weakly adsorbed to the surfaces of particles
meaning it is susceptible for release with changing environmental conditions.
Design of System
Short-circuiting is a problem with the design of some detention ponds (Martin, 1988;
Pettersson, 1998). When the pond is holding the maximum capacity of stormwater,
runoff entering the pond will flow straight to the outlet with only a short residence
time for pollutants to settle out.
An ideal solution would remove the heavy metals from the dissolved phase and
those associated with the particulate, reducing the problem of contaminated
sediment disposal. The heavy metals need to be retained once removed by a
method which is unaffected by the seasonally high levels of sodium and chloride
ions, low-cost to implement and which requires minimum maintenance.
1.6 POTENTIAL OF USING ION EXCHANGE MATERIALS
There is growing concem that the treatment methods currently in place for motorway
stormwater are not adequate in reducing levels of heavy metals before the runoff
reaches the natural watercourses. This section reviews various materials used for
the removal of dilute aqueous heavy metals in water and wastewater treatment
processes, which may be applied for motorway stormwater management. Further
detail on the structure and properties of relevant ion exchange materials will be
provided in Chapter Two.
Technologies commonly used for the removal of heavy metals from contaminated
water include chemical precipitation, membrane filtration, ion exchange and
adsorption (Bailey et al., 1999). These methods are often expensive and are not
always sufficiently effective. Therefore, a lot of recent research has focused on the
use of low-cost sorbent materials, i.e. minimum processing costs, abundant in nature
or by-products of another industry (Brown et al., 2001). The term sorption refers to
the removal of heavy metals via adsorption, ion exchange and/or complexation
processes.
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Ion Exchange Resins
The most widely used sorbents for extracting heavy metals from a variety of media
and applications, are commercially produced ion exchange resins. These typically
consist of polymeric beads with ionic functional groups attached to attract the heavy
metal cations and remove them from solution. Various functional groups can be used
to selectively tarqet heavy metals, and they can be regenerated for further use
(Hubicki et al., 1998).
Activated Carbon
Activated carbon is the standard adsorbent used by the water industry for removing
organic and inorganic pollutants. It can be produced from a range of carbon sources
by thermal decomposition and catalytic activation, resulting in a material with a large
internal surface area and pore volume (Kokolaki, 1997). It is quite an expensive
technique, although there have been investigations into using industrial waste
products and agricultural by-products as cheaper carbon sources (Pollard et al.,
1992). For example, Mohan and Singh (2002) studied the adsorption of cadmium
and zinc by activated carbon derived from bagasse (agricultural waste product) and
Srivastava et al. (1989) used a waste slurry from a fertiliser plant to adsorb heavy
metals.
Natural Zeolites
Zeolites are aluminosilicate materials containing exchangeable cations. There are
seven zeolites that occur naturally in mineable quantities and they have been
considered as a fairly cheap method of wastewater treatment. Applications include
the removal and recovery of NH4+ from sewage, removal and storage of
radionuclides from nuclear waste and the removal and storage of heavy metals from
industrial wastewater (Colella, 1999). Zeolites exhibit high selectivities for heavy
metals although their performance can be hindered by high electrolyte
concentrations (Leinonen and Lehto, 2001).
Clay Minerals
Clays are abundant in nature, able to extract heavy metals by ion exchange and
have high surface areas (up to 800 m2 g-1)for adsorption (Bailey et al., 1999). There
are some examples of using various types of clays to remove heavy metals from
solution (Pradas et al., 1994; Brigatti et al., 1996) and the modification of clays with
surfactants (Lin and Juang, 2002) or polymeric species (Cooper et al., 2002) to
improve their sorption capacity for heavy metals.
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Waste Materials
Agricultural waste materials (e.g. sawdust, rice bran, nutshells) and industrial waste
products (e.g. fly ash, blast furnace slag) have been evaluated for their ability to
adsorb toxic pollutants, including metals (EI-Geundi, 1997). The natural product
Chitosan has been found to be a particularly highly adsorbent for heavy metals, e.g.
796 mg g-l for lead (Bailey et al., 1999).
Biomass Materials
Biosorption is a relatively new technology involving the use of micro-organisms
(algae, bacteria, fungi, yeast) as low-cost sorbents with a high adsorption capacity
for heavy metals (Kapoor and Virarghavan, 1995; Matheickal and Vu, 1997; Sag,
2001). The use of a 'biofilter' (biofilm growing on a granular filter media) was
proposed by Lau et al. (2000) to help remove dissolved heavy metals from motorway
stormwater.
SynthetiC InorganiC Ion Exchangers
There are a wide range of inorganic structures possessing ion exchange capabilities
e.g. hydrous oxides, phosphates, silicates, which are stable at high temperature and
high ionising radiation doses, making them most suitable for applications in the
nuclear industry (Clearfield, 2000). For example, layered and framework polyvalent
metal silicates and phosphates have been tested to selectively remove caesium and
strontium ions from radioactive waste against high background levels of sodium,
calcium and magnesium (Bortun et al., 1997).
Motorway Stormwater Studies
Preliminary projects carried out at the University of Surrey suggested zeolites were a
potential option for removing heavy metals from solution, although further
investigation was required (Dewhirst, 1997; Pinheiro, 1998). One recently published
article, (Farm, 2002), has proposed the use of a constructed filter system to reduce
the levels of dissolved heavy metals in motorway stormwater. The heavy metal
removal efficiency ()f several combinations of natural filter substrates (opoka, zeolite
and peat) was tested with some success.
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1.7 AIM AND OBJECTIVES
The aim of this project is to investigate various inorganic ion exchange materials for
removing heavy metal cations from motorway stormwater runoff. Furthermore, the
objectives are to:
• develop suitable analytical methods for the analysis of motorway stormwater
and synthetic heavy metal solutions;
• design and implement a laboratory-based experiment to test a variety of ion
exchange materials for their ability to remove heavy metals from solution;
• investigation into the mechanism by which the heavy metals are being
removed;
• conduct laboratory experiments to assess the capacity and limitations of
selected material for application; and
• test selected material(s) with motorway stormwater runoff and compare their
performance with the presence of other contaminants, such as road salt.
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2.0 INTRODUCTION
The use of ion exchange to remove heavy metals from motorway stormwater is
proposed. Ion exchange involves replacing ions in solution with a stoichiometrically
equivalent amount of ions from an ion exchange material. It is a widely used
scientific concept with a broad range of applications, an important one being treating
wastewater. Passing a stream of water over an ion exchange material allows the
unwanted ions to be selectively removed and contained, potentially providing a
useful tool for environmental clean-up operations. Ion exchange occurs naturally in
materials such as clays, zeolites, soils and some coals. Synthetic ion exchangers
were introduced in the early 1900s with the development of exchange resins. The
use of ion exchange materials became popular with their widespread use as water
softeners to remove calcium ions. There are many different types of ion exchange
material to consider for an application, depending on parameters such as their
selectivity towards certain ions and their cost.
This chapter discusses some of the important principles of ion exchange theory and
identifies some ion exchange materials that may be suitable for treating motorway
stormwater. Details on the characterisation techniques and experimental procedures
used for testing the ion exchange materials are also provided.
2.1 ION EXCHANGE THEORY
In order to test ion exchange materials for their potential in removing heavy metal
cations from motorway stormwater, it is necessary to understand some of the
principles of ion exchange theory. This section will provide a basic overview of the
relevant ion exchange fundamentals.
Ion exchange materials are insoluble materials containing exchangeable cations or
anions, which can be exchanged for a stoichiometrically equivalent amount of ions
(of the same sign) from solution (Helfferich, 1995).
Z BzB++Z_AzA+~ Z AzA++Z BZB+AE EY" B_ A
A and B are ions in solution and in an ion exchanger with charges of ZA and Za (by
convention, the underlined ions represent those in the exchanger). For example,
2Na+ + Cu2+ ~ Cu2+ + 2Na+
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Ion exchange is a reversible process and the ion exchanger can be regenerated by
contact with a solution containing an excess of the Original exchangeable cation.
Sorption often accompanies the ion exchange process, i.e. a neutral species is taken
up by the solid but not replaced.
Materials capable of ion exchange consist of a framework held together by chemical
bonds or lattice energy. The framework carries an excess positive or negative
charge, compensated for by ions of opposite charge. These latter ions are mobile
within the framework and can be replaced by ions of the same total charge from
solution. Electroneutrality must be preserved and therefore the ions within the
framework must be replaced by a stoichiometrically equivalent amount of ions from
solution.
2.1.1 Ion Exchange Capacity
Ion exchangers are quantitatively characterised by their ion exchange capacity. This
is a measure of the exchangeable ion content of the material and is determined by
the magnitude of the framework charge (Helfferich, 1995). The units used in ion
exchange measurements are commonly equivalent weight to reflect the number of
ions in solution of the ion exchanger. This is equal to the atomic mass of the metal
divided by its charge.
The ion exchange capacity is defined as:
"Millimo/es or milliequivalents of ionisable groups or exchange sites of unit
charge per gram of dry exchanger" (Harjula and Lehto, 1995).
In the case of zeolites, the negative charge of the framework results from the
isomorphous substitution of A13+ for Si4+, and the theoretical exchange capacity
(TEe) can therefore be calculated from the aluminium content.
TEe (mequiv g.1)= AI (equiv mol") x 1 (mol wt·1)x 1000 (mequiv equiv") (2.1)
However, the theoretical ion exchange capacity is rarely achieved in practice and so
a more useful guide to the maximum uptake of a target ion by an ion exchange
material is determined experimentally as the 'loading':
"Total amount of ions expressed in milliequiva/ents or millimoles taken up per
unit mass or unit volume of the exchanger under specified conditions, which
should a/ways be given"
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This parameter is subject to variation with experimental conditions and is therefore
useful to determine in a medium appropriate to the application. It is often useful to
compare theoretical ion exchange capacity and loading to detect any additional
processes to ion exchange which may be occurring, e.g. sorption of electrolyte from
solution (Harjula and Lehto, 1995).
2.1.2 Ion Exchange Equilibria
During the ion exchange process, ions from the ion exchange material migrate into
solution while the ions in solution migrate into the ion exchange material. Equilibrium
is reached after a certain amount of time, at a point where both species are in the
solid and solution phases. However, the concentration ratio between the two counter
ions is not necessarily the same due to selectivity (discussed further in Section
2.1.3). The 'pores' within the ion exchanger also contain solvent (uptake termed
swelling) and solute (uptake termed sorption) from contact with solution (Helfferich,
1995).
Considering the ion exchange reaction between ions A in solution and ions B in the
exchanger (underlined):
!2+ + A+ ~ ~ + + s+
The equilibrium distribution of the exchanging ions can be described by various
parameters to provide information on the selectivity of the material for those ions.
The distribution of ion A between the solution and ion exchanger is described by the
distribution coefficient (Ko):
(2.2)
Ko is the ratio between the concentration of ion A per gram of ion exchanger (~)
and the concentration of ion A per cm" external solution (CA). This coefficient can be
used to study the effect of experimental parameters on the ion exchange process
(Lehto and Ha~ula, 1995). For example, Leinonen and Lehto (2001) used the
magnitude of the distribution coefficient to determine how selective a range of
zeolites were for a range of metals.
Ion exchange equilibria can be represented graphically by an ion exchange isotherm
(Figure 2.1). This describes the distribution of ion A between the solution and ion
exchanger at a giv~n total concentration and constant temperature.
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The equivalent ionic fractions of the counter ion in the ion exchanger (SA) and in the
solution (EA) are plotted:
SA = ZA !!lA I I z, mj
EA = ZA mA I I z, m,
(2.3)
(2.4)
where Z and m represent the charge and molality (moles of solute per kg of solvent)
of counter ion A and total ions i (Breck, 1974).
o 1
Figure 2. 1 - Ion exchange isotherms of counter ion A
In Figure 2.1 the straight line (blue) implies that the ion exchanger had no preference
for either ion. However, selectivity is usually shown and the isotherm deviates from
the straight line. If the entering ion A is preferred the isotherm shows a curve above
the diagonal (pink), a curve below the diagonal would indicate leaving ion B is
preferred.
The separation factor expresses the preference of an ion exchanger for one of two
ions and is often used in describing the performance of ion exchange columns. It can
be measured from the isotherm and is the quotient of concentration ratios of the two
ions in the ion exchanger and the solution:
(2.5)
It can be expressed in terms of the molalities (m), molarities (c) or the equivalent
ionic fractions (E) of the two ions (A and B). If the separation factor is greater than
unity ion A is preferred if it is less than unity ion B is preferred. (Helfferich, 1995).
The selectivity coefficient can be used instead of the separation factor and is used in
more conventional theoretical studies. It takes into account the magnitude of the
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charge (I z I) on ions A and 8 and is equal to the separation factor when the ions A
and 8 are of equal charge:
KA - m IZBI m IzAl, m IzAl m IZBIB-!..!..!A B _B A (2.6)
When the charges of the counter ions A and B are not equal the total equivalent ion
concentration of the solution has a strong effect on the isotherm. The corrected
selectivity coefficient accounts for the non-ideality of the solution phase using
relevant activity coefficients (y) (Lehto and Harjula, 1995).
2.1.3 Selectivity
Ion exchange materials take up different ions to different extents; this ability to
distinguish between different species is called selectivity. There are several causes
for selectivity (Helfferich, 1995):
• Counter Ion Charges
The charge of an ion has a strong electrostatic effect on the selectivity. The
Donnan potential attracts ions into the ion exchanger and the force of this
attraction is proportional to the ionic charge. In general, ions of a higher charge
are preferred.
• Ionic Solvation and Swelling Pressure
Large solvated ions cause higher swelling pressures in ion exchangers; when a
smaller solvated ion is introduced the resin matrix can contract and this is
preferred.
• Sieve Action
Large organic ions and inorganic complexes may be physically excluded from
the matrix of the ion exchanger. This is particularly true with zeolites, which have
a very rigid structure.
• Specific Interactions in Ion Exchanger
lon-pairs can form between the ions in solution and fixed ionic groups associated
with exchange material. The ions in solution that are able to form strong ion-pairs
are preferred and hence more readily taken up by the exchange material.
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• Association and Complex Formation in Solution
The interaction of an ion in solution with other complexes present (e.g. the co-ion
associated with the ion) affects the equilibrium of the ion exchange reaction. The
ion exchange material prefers the ion with the weaker interaction to other species
in solution.
• Formation of Precipitates
The concentration of a competing ion in solution could be reduced by
precipitation, which can simultaneously enhance the uptake of the target ion.
2.1.4 Ion Exchange Kinetics
It is crucial to study the kinetics of an ion exchange reaction for industrial
applications of ion exchangers.
The processes involved in an ion exchange reaction between ion A+ in solution and
B+ in an exchanger are depicted in Figure 2.2 (Semmens, 1983). Ion A+ migrates
through the bulk solution, through the stagnant water layer surrounding the
exchanger particle and then diffuses inside the pores of the exchanger to reach the
exchange site. The exchange reaction can then occur and ion S+is released through
the reverse processes. The thickness of the film surrounding the particle depends on
the hydraulic conditions and decreases with agitation of solution. The rate of the
exchange process is dependent on the mobilities of the exchanging ions through the
framework of the exchanger.
stagnant water
--- layer
A+
BULK
SOLUTION
Figure 2.2 - Exchange process of ion A+from solution with ion S+in an ion
exchanger particle (based on Semmens, 1983)
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In order to achieve maximum removal of an ion from solution, adequate time must be
provided for the exchange reaction to occur. As the reaction is particle-diffusion
controlled, reducing the particle size and temperature of solution can enhance the
exchange of ions from solution (Townsend, 1984;White et al., 1995).
The kinetics of a particular ion exchange reaction are usually monitored
experimentally by plotting the uptake of a target ion over varying periods of time
under defined conditions (Metropoulos et al., 1993; Yuan et al., 1999).
2.1.5 Experimental Methods
The ion exchange properties of materials can be studied experimentally by batch or
column methods (Wachinski and Etzel, 1997).
Batch Experiments
The ion exchange material is mixed with a solution containing ions (single or mixed)
and allowed to reach equilibrium before separation. The concentration of ions in
solution is then determined to ascertain the quantity of ions removed by the material.
Parameters such as solution pH, contact time and concentration of ions to be
removed are often varied to find the optimum conditions.
Column Experiments
The majority of wastewater applications make use of fixed beds of ion exchangers,
which extract the desired ions from a stream of water passing through. This can be
simulated in laboratory conditions using columns (e.g. burette) packed with the ion
exchanger. A key measurement is the breakthrough, the point where a
predetermined concentration of the target ion is detected in the effluent from the ion
exchange column.
Intereferences
There are several chemical and physical phenomena which can interfere' with
measurements of ion exchange equilibria in inorganic ion exchangers (Lehto and
Harjula, 1995):
• Hydrolysis
This is the combined process of dissociation of water and the exchange of
cations within the ion exchanger (B+)for hydronium ions in solution.
2H20 ~ H30++ OH- !r + H30+~ H30++ B+
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The result of this is a reduced number of exchange sites in the exchanger for the
target ion and an alteration in solution pH. The change in pH may lead to a
change in the speciation of the target ion, precipitation of species in solution or a
partial dissolution of the exchanger.
• Peptization
Small colloidal particles may be released from the exchanger into solution. These
will contain exchanged ions and if the particles are not removed in the separation
process errors in determinations wi" result.
• Dissolution of Ion Exchanger
In strong acid or base conditions the dissolution of metal ions from the framework
of the ion exchanger is possible. For example, in acidic conditions aluminium is
released from zeolites and this reduces the ion exchange capacity and could
cause errors in calculations if the released aluminium ions are taken up by the
zeolite.
• Sorption of Electrolytes
In situations where a high electrolyte concentration is present in solution it is
possible that the salt compounds are taken up by the exchanger, causing errors
in mass balence calculations.
2.2 ION EXCHANGE MATERIALS
There are several types of material, natural and synthetic, which are capable of ion
exchange. The first materials to be synthesised for this purpose were organic ion-
exchange resins (Bolto and Pawlowski, 1987). Their matrix consists of an irregular,
macromolecular, three-dimensional network of hydrocarbon chains carrying
functional ionic groups (e.g. -S03-, -COO- in cation exchangers and -NR3+in anion
exchangers) .
Inorganic materials became more popular for ion exchange studies from the 1970s
due to their stability at high temperature, resistance to radiation and high selectivities
at a relatively low cost compared to organic resins (Clearfield, 1995). There are
many types of inorganic compounds capable of ion exchange e.g. phosphates,
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titanates, heteropoly-acid salts. Some materials can also behave as anion and cation
exchangers, depending on the pH (e.g. hydrous oxides).
Commonly used naturally occurring ion exchange materials include zeolites and
clays. Zeolites are three-dimensional crystalline aluminosilicates containing
exchangeable cations in the channels or cavities. These are also widely available in
synthetic forms that have higher exchange capacities than the natural minerals.
Clays are aluminosilicates with a layered structure and also have ranging cation
exchange properties, depending on the clay chosen.
The aim of this research is to investigate the use of ion exchange materials for
removing heavy metal cations (specifically - Zn, Cu, Pb, Cd) from motorway
stormwater. A suitable material should meet the following requirements:
• have good heavy metal removal efficiencies for all heavy metals in a short
contact time;
• not be significantly affected by the seasonally large amounts of sodium ions
resulting from the application of de-icing salt to the motorway surface;
• able to remove heavy metals in motorway stormwater matrix, which contains
other chemicals such as oil;
• work effectively in storm conditions with varying pollutant loads;
• not leach large quantities of other metals into the stormwater runoff;
• retain the h!3avymetals while the material is in the treatment system but be
capable of regeneration for further use;
• be low-cost and easy to implement technology.
The ion exchange materials identified as being of most interest to this work are
discussed in more detail in the following sections.
2.2.1 Clays
Clays are naturally occurring hydrous layer silicates formed by the weathering and
decomposition of igneous rocks. They consist of a two-dimensional array of silica
tetrahedra and a two-dimensional array of metal ion-oxygen/hydroxyl octahedra (e.g.
A13+,Mg2+ or Fe2 or 3+). As shown in Figure 2.3, condensation of these layers results in
the formation of the clay with the apical oxygens of the silicate layer shared with the
octahedral layer.
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Figure 2.3 - Formation of clay sheet, condensation of octahedral and tetrahedral
layers (based on Molinard, 1994)
There are different types of clay, classed according to how many tetrahedral and
octahedral layers are involved in the formation of the clay layers; for example a 2: 1
clay contains two tetrahedral layers to one octahedral layer. Isomorphous
replacement of layer cations with a lower charge (e.g. Si4+ by A13+ or A13+ by Mg2+)
results in a net negative charge, compensated for by cations (e.g. Na', Ca2+, Mg2+) in
the interlayer region (Newman, 1987; Molinard, 1994).
Modification of Clays
Pillarinq a clay 'props open' the layers creating a two-dimensional porous network
that provides a high, permanent pore volume (Figure 2.4).
HYDRATION
CLAY DEHYDRATION
PILLARED
CLAY HYDRATION DEHYDRATION
::EE-. ~ -. ::EE
• Cation ® Hydrated cation - Clay layer IPillar
Figure 2.4 - Swelling of a clay and pillared clay (based on Molinard, 1994)
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The interlayer cations of the clay are exchanged with bulky, highly charged inorganic
hydroxy cations. Stable metal oxide pillars are formed on calcination by dehydration
and dehydroxylation. The pillared layered clays produced (PILCs) have an increased
surface area and improved thermal stability, making them useful for catalysis
applications (Carma, 1997).
Ion Exchange Properties of Clays
The ion exchange of charge compensating cations in clay minerals by heavy metals
such as cadmium and zinc has been studied to gain a better understanding of the
metals in soil-water systems (van Bladel et al., 1993). Clays have a high sorption
capacity for heavy metals and are often used in waste disposal systems. The metals
can be sorbed by surface complexation on the hydroxyl groups at the edges of the
clay, as well as by cation exchange (Matthes et al., 1999).
Pillared clays and their polymeric-hydroxy precursors have been found to uptake
more ions than their corresponding parent clay due to the introduction of more
hydroxyl groups, providing more exchange or sorption sites (Dyer and Gallardo,
1990; Cooper et al., 2002). Alkali and alkaline-earth cations in solution provide
competition for the heavy metal cations and hinder sorption by clays, but the pillars
provide high oxide and hydroxide surface areas for the metals to bind to (Matthes et
al., 1999).
Application of Clays to Motorway Stotmwater
Clays or modified clays would provide selective ion exchange for heavy metals in
motorway stormwater. An advantage of using the pillared clays could be their ability
to work in a highly saline environment as motorway stormwater can contain large
quantities of dissolved road saHin winter periods. Although modification of clays may
increase their preparation cost, there is a large scope for tailoring the material for
optimum performance for the target heavy metals (e.g. different metal oxide pillars).
2.2.2 Hydrotalcite
Hydrotalcite is a hydroxycarbonate of magnesium and aluminium belonging to a
class of compounds known as the layered double hydroxides (LDH) or anionic clays.
Their structure is related to that of brucite, Mg(OHh, in which Mg2+ ions are
octahedrally co-ordinated to six hydroxyl groups. These edge sharing units form
infinite sheets stacked on top of each other by hydrogen bonding. In hydrotalcite,
partial isomorphic substitution of divalent magnesium by trivalent aluminium
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generates a positive charge which is compensated for by C032- ions in the interlayer
region (Figure 2.5). Water molecules also reside in this interlayer region.
Figure 2.5 - Structure of hydrotalcite (Bone, 2002)
There is a wide range of layered double hydroxide compounds that can be
synthesised which are structurally similar to hydrotalcite, with the general formula:
[M2+(1_x)M3+x(OHhr LAYER [AY-(xly).nH20]INTERLAYER
where M represents a metal cation (M2+= Mg, Ni, Co, Zn, Cu and M3+= AI, Cr, Fe,
Sc) and A an anion (COl-, cr, NOl-) (Cavani et al., 1991).
The precipitation technique is the most commonly used method of preparation;
concentrated aqueous solutions of M2+and M3+ are mixed with sodium hydroxide
and sodium carbonate to yield an amorphous gel (pH 8-11) followed by
crystallisation at 60-325°C (Reichle, 1986). The properties can be tailored by the
synthetic conditions employed. For example Misra and Perrotta (1992) developed a
method to synthesise hydrotalcites with a high aluminium content to increase the
anion exchange capacity.
The Memory Effect of Hydrotalcite
Calcination of hydrotalcite at temperatures of 350 - 600°C converts the hydroxyl and
carbonate groups to water and carbon dioxide resulting in an amorphous mixture of
magnesium and aluminium oxides (Kovanda et al., 1999). The original layer
structure reforms on prolonged contact with water and carbon dioxide from solution
or even in the atmosphere, this being known as the Memory Effect. This is a useful
property, as the calcined hydrotalcite can remove pollutant anions from solution by
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incorporating them in the interlayer region. The original hydrotalcite can then be
regenerated on contact with a carbonate solution, re-calcined and re-used.
Applications of Hydrotalcite
Hydrotalcite and similar compounds have found uses in a variety of applications e.g.:
catalysts, catalyst supports, antacid and flame-retardants (Cavani et al., 1991).
Recently, hydrotalcite and related compounds have been investigated as sorbents
for water or wastewater treatment to remove pollutants such as: trichlorophenol
(Hermosin et al., 1993), anionic pesticides (Lakrami et al., 1999), humic substances
(Amin and Jayson, 1996), hexavalent chromium (Houri et al., 1998) and arsenic
species (Fleming, 2000).
Calcined versions of the hydrotalcite compounds are commonly used as this
provides increased sorption capacity and the potential for recycling. Surface
adsorption is often observed in addition to anion exchange. Seida and Nakano
(2000) proposed that slight dissolution of the material released hydroxyl groups,
which coagulated the humic substances and adsorbed them on to the surface.
Hydrotalcite has a high affinity for carbonate anions and their presence in solution
has been found to hinder the uptake of the pollutant anion (Shin et al., 1996).
Little research has been done to investigate the removal of metal cations from
wastewater by layered double hydroxide (LDH) materials, although it is possible.
Lehmann et al. (1999) tested a range of inorganic sorbents for removing metal ions
(chromate anions and zinc cations) from aqueous solutions. It was noted that
although an anion exchanger, hydrotalcite removed high levels of zinc cations. The
removal mechanism was not fully investigated, but it is a useful example of the
potential for using hydrotalcite for the uptake of metal cations from solution.
Only one article by Komarneni et al. (1998) is found in the literature which fully
investigates the ability of LDH compounds ([M9aAl(OH)1sf+[C03.4H2of and
[M9aAl(OH)st[N03.2H20n to selectively uptake high levels of transition metal
cations (Cu2+,Ni2+,C02+and Zn2+). It was proposed that the removal mechanism was
a process called diadochy, which involved metal cation substitution for Mg2+ in the
structure of hydrotalcite, facilitated by the easy access through the interlayer spaces.
This is a possibility, as modified LDH compounds have been synthesised with these
metals. Experimental results showed that stoichiometric amounts of magnesium
were released into the solution on uptake of the metals.
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Komarneni et al. (1998) recommended this property of anionic clay materials for use
in waste or drinking water treatment, as hydrotalcite has a high theoretical capacity
for metal cation uptake based on the total Mg content (19.9 mequiv g-1)and would
immobilise the metals within their structure.
Application of Hydrotalcite to Motorway Stormwater
Hydrotalcite has the potential to remove anionic pollutants from motorway
stormwater and there is some literature evidence that the levels of heavy metals
could also be reduced (Komareni et al., 1998). If heavy metals were able to
substitute into the structure of hydrotalcite they would be well retained from the
runoff, but it would not be simple to regenerate (need to dissolve structure, remove
metals and re-precipitate).
2.2.3 Lignite
Lignite (or brown coal) is a carbon-based material and is often used as a raw
material for producing activated carbon (Pollard et al., 1992). The exact composition
of lignite varies with the source, but it contains hydrogen, sulphur, oxygen and
nitrogen. In some cases it also contains oxides of alkali metals, silicon and
aluminium, and some trace heavy metals such as chromium, zinc, copper and
arsenic (Smolik et al., 2000).
Ion Exchange Properties of Lignite
Brown coals, such as lignite, are rich in surface functional groups (e.g. carboxylic
acid groups), which are capable of ion exchange (Murakami et al., 1995). Carbon
sorbents, such as lignite, have been used as low-cost sorbents for removing heavy
metals from aqueous systems (Eligwe et al., 1999 ; EI-Shafey et al., 2002).
Application of Lignite to Motorway Storm water
Lignite has recently been studied at the University of Surrey as a potential sorbent
for removing fuel components from motorway stormwater (Pendry, 2001), and it
would be advantageous if it could simultaneously reduce the heavy metal load. It is a
low-cost material but may already contain traces of metals, which could be leached
out.
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2.2.4 Zeolites
Zeolites are naturally occurring minerals with an infinite 3-dimensional structure
containing SiO" and AID4 tetrahedra linked by shared oxygen atoms (Figure 2.6).
The replacement of some tetravalent silicon by trivalent aluminium results in a net
negative charge which is compensated for by incorporating alkali and alkaline-earth
metals into the open structures.
-,
Oxygen
Figure 2.6- SiO" and AI04 tetrahedral units linked by corner-shared oxygen atom
(based on Smart and Moore, 1995)
The framework structure can contain linked cages, cavities or channels. There are
many types of zeolite, arising from the different ways the tetrahedra link in three-
dimensional space, and they are classified by their structure type according to the
basic units they are made up of (Breck, 1974). Figure 2.7 illustrates the framework
structure of zeolite 'A', where the corners represent either silicon or aluminium ions
and the connecting lines contain a shared oxygen atom.
Figure 2.7- Framework of Zeolite A made up of sodalite units (based on Smart and
Moore, 1995)
Zeolites are also known as molecular sieves because their rigid framework restricts
access to those species small enough to enter their cavities/channels. They are
widely used for adsorpnon, catalysis and ion exchange applications. Ion exchange
can readily occur between cations in solution and the weakly held cations in the
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cavities of the zeolite, with the advantage that the structure does not significantly
alter.
Ion Exchange Properties of Zeolites
The ion exchange behaviour of a zeolite depends on several factors (Breck, 1974):
• the nature, size (hydrated and dehydrated) and charge of cationic species;
• temperature of solution;
• concentration of cation in solution;
• anion associated with cation in solution; and
• structural characteristics.
The extent of the ion exchange reaction will depend on the type and quantity of
cations present in the solution and in the zeolite. Selectivity series are commonly
presented from experimental results, showing the order of preference for a zeolite
under certain conditions. In general, most zeolites show a strong preference for lead,
which is thought to be due to the low hydration energy (Townsend, 1984; Yuan et al.,
1999). A potential problem in the removal of heavy metal cations from aqueous
systems is competition from non-target cations (Yuan et al., 1999). For example, the
high calcium content in acid mine drainage water results in a reduced heavy metal
removal efficiency (Zamzow and Murphy, 1992).
Important compositional differences between zeolites are the Si/AI ratio and the
exchangeable cation content. The higher the amount of aluminium in a zeolite, the
higher the theoretical ion exchange capacity, as more charge compensating cations
will be present to preserve electroneutrality. However, alumina-rich zeolites are less
stable in acidic conditions and so a compromise may be necessary for some
applications. The type and amounts of exchangeable ions within the zeolite vary in
natural zeolites, depending on the source as welf as the type of zeolite (Hawkins,
1983). Sodium has been found to be the most readily exchangeable cation (Zamzow
and Murphy, 1992) and zeolites with a higher proportion of sodium have been found
to be capable of removing greater quantities of cations from solution (Bremner and
Schultze, 1995). Consequently, it is generally recommended that natural zeolites
should be converted to the pure sodium form before use to improve the exchange
capacity (Semmens and Martin, 1988; Kesraoui-Ouki et al., 1994).
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Ion Exchange Applications of Zeolites
Zeolites occur in natural sedimentary rocks of volcanic origin in various regions
throughout the world, the most abundant being clinoptilolite (Hawkins, 1983).
Clinoptilolite has been widely studied for pollution control applications e.g. the
removal of ammonium ions from freshwaters and radio-isotopes from nuclear waste
effluent (Pansini, 1996). There are several examples of studies assessing the
potential of using natural zeolites to reduce heavy metal contamination of
wastewater (Blanchard et al., 1984; Zamzow et al., 1990; Olin and Bricka, 1998; Mier
et al., 2001).
Zeolites can also be produced synthetically, with the opportunity to tailor their
properties. For example, a high alumina zeolite containing exclusively sodium ions
would provide a high ion exchange potential. The main application of synthetic
zeolites has been in detergents to remove water hardness (calcium ions)
(Tomlinson, 1998). Studies on metal ion exchange with synthetic zeolites tend to
focus on determining selectivity coefficients/ion exchange isotherms or other
parameters and do not directly relate to an application (Harjula et al., 1992; Ahmed
et al., 1998; Biskup and Suboti, 1998).
Natural zeolites are more popular for environmental applications (due to their low-
cost and abundance), although they have lower theoretical ion exchange capacities
which are only half used at best (Yuan et al., 1999). The actual material used is not
pure and hence it is difficult to achieve consistent results. Preliminary work on heavy
metal removal by Pinheiro (1998) and Dewhirst (1997) indicated promiSing results for
synthetic zeolites in comparison to clinoptilolite, although there was debate over the
removal mechanism.
Application of Zeolites to Motorway Stormwater
Zeolites appear to be suitable ion exchange materials for use in treating motorway
stormwater. They have a high ion exchange capacity, an affinity for heavy metals,
possibility of regeneration and are low-cost. A potential problem is the seasonally
high sodium content of motorway stormwater and other contaminants present (e.g.
organic species) in this particular medium. Examination of the literature on heavy
metal removal by zeolites has highlighted the need to conduct tests in realistic
solutions because factors such as pH and other cations present can influence heavy
metal uptake (Zamzow et al., 1990).
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2.3 MATERIALS CHARACTERISATION TECHNIQUES
Various materials techniques have been used in this work to:
• characterise the ion exchange materials tested;
• observe any structural changes in the ion exchange materials after
contact with heavy metal solutions/motorway stormwater; and
• investigate the heavy metal removal mechanisms.
The theory and u~e of the experimental methods are discussed in the following
sections.
2.3.1 X-Ray Diffraction (XRD)
X-Ray Diffraction is used to provide structural information on inorganic solids, such
that, the precise position of atoms in molecules and solids can be determined. The
XRD pattern produced for a particular compound is unique, providing a means of
identification. The theory of X-ray diffraction and instrumentation will be discussed
further (Willard et al., 1988; Skoog and Leary, 1992; Shriver et al., 1999; West,
1999).
Theory of XRD
X-rays are short-wavelength electromagnetic radiation. They can be produced by
bombarding a metal target with a beam of high-energy electrons, causing transitions
within the inner atomic orbitals. Radiation is emitted when an electron from a core
orbital of the metal is ejected and the hole is filled by electron decay from a higher
orbital. Alternatively, X-rays can be generated by the deceleration of high-energy
electrons as they enter the metal target.
When an X-ray beam collides with inorganic matter the electrons in the material
interact with the radiation causing scattering in various directions. The ordered
environment in a crystal results in interference (constructive and destructive)
between the scattered rays. This is because the scattering centres (atoms or ions in
the solid) are separated by distances of the same magnitude as the wavelength of
the radiation.
Diffraction can be considered as reflection from points on a set of lattice planes.
Figure 2.8 shows how Bragg considered diffraction.
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Lattice
planes
D
Figure 2.8 - Diffraction: the derivation of Bragg's Law
An X-ray beam strikes the lattice planes at points A and 0 at an incident angle e.
This will produce in phase diffracted beams (constructive interference) if the
additional distance travelled by the beam hitting point 0 is an integral number of
wavelengths. The path difference (BD + DC) is related to the incident angle e and
the lattice spacing d by:
BD + DC = 2 d sine = nA (2.7)
where A is the wavelength of the X-ray and n is an integer always taken at unity.
The Bragg Equation A = 2 dsine (2.8)
This is a fundamental equation in X-Ray Diffraction, defining the conditions for
constructive interference of the X-ray beam, at other angles the interference is
destructive.
When the material to be analysed is a fine homogeneous powder, the sample will
contain an enormous number of small crystallites, which will be orientated in all
possible directions. An X-ray beam striking the sample will therefore be diffracted in
all possible directions and some will fulfil the Bragg condition. Each lattice spacing in
the crystal will give rise to a cone of diffraction, which is a set of closely spaced dots
each representing diffraction from a single crystallite.
Powder
sample
x-revs
Figure 2.9 - Diffraction cones obtained from powder sample
(based on Smart and Moore, 1995)
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XRD Instrumentation
A powder X-Ray Diffractometer consists of an X-ray source with a fixed wavelength,
a mount for the sample being investigated and detector capable of measuring X-
rays. The instrument used in this study has a fixed sample position with a moving
source and detector (Figure 2.10). The detector is maintained at an angle of 28
relative to the source and their positions are adjusted simultaneously. Diffraction
occurs when the Bragg condition is fulfilled for a particular set of planes within the
crystalline powder. The detector measures the intensity of the diffracted X-rays at set
positions producing a diffraction pattern.
sample
Figure 2. 10- Schematic diagram of a fixed sample theta-theta powder diffractometer
The position of the diffraction beams (in terms of diffraction angle 28) from the
crystalline sample depends on the size and shape of the unit cell and the X-ray
wavelength. The spacing between a certain set of planes d, can be calculated from
the Bragg equation for a known wavelength and measured angle. The intensities of
the diffracted beams depend on the type and number of atomic reflection centres in
each set of planes. Hence the diffraction pattern is unique and structural information
can be obtained from studying the direction and intensity of diffracted beams.
UseofXRD
XRD was used as a characterisation technique to confirm the structure of the ion
exchange materials tested and to ensure the structure is not adversely affected after
contact with a heavy metal solution.
The Seifert XRD 3003TT theta-theta Diffractometer was used (CuKa radiation, A =
1.54178 A). A program is run to scan between set angles, pausing at set points for
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an allocated amount of time to collect data. The method used varied with type of ion
exchange material (Table 2.1).
Table 2.1- Scan programs used for XRD analysis of different types of ion
exchange material
Range of28 Step size Dwell time (sec)
Zeolites 1 - 40° 0.04° 1
Clays 1 -75° 0.05° 1.5
Hydrotalcites 1 - 60° 0.05° 1
The XRD patterns obtained for the ion exchange materials tested are shown in
Appendix B and discussed in the appropriate results chapters.
2.3.2 X-Ray Fluorescence (XRF)
X-ray fluorescence provides a non-destructive method of qualitatively and
quantitatively analysing the elemental content of solids (Whiston, 1987; Skoog and
Leary, 1992).
Theory of XRF
When a beam of X-rays irradiates a solid sample, electrons are excited from their
inner atomic orbitals. These vacancies are then filled by electron transitions from
outer levels, leading to X-radiation (fluorescence). The wavelength of the fluorescent
radiation is characteristic of a particular element, and hence the elemental
composition of a solid sample can be determined. The amount of each element
present is related to the mtensity of the X-radiation detected.
UseofXRF
XRF analysis was used to provide details of the types and proportions of elements
present in the ion exchange materials. In the case of zeolites the ratio of Si(IV) to
AI(lII) determines the theoretical cation exchange capacity and the 'exchangeable'
cations (e.g. sodium) present can be established.
XRF data were supplied by the manufacturers of the ion exchange material or
analysed at INEOS Silicas using a Philips PW2400 instrument. The samples were
prepared as pellets by fusion in lithium tetraborate, 10 measurements were taken for
each and the elements present in the sample quantified by calibration using certified
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standards. Two samples of the same zeolite were analysed to ensure repeatability of
the method (RSD = 0.45%).
The XRF data for the ion exchange materials tested are given in Appendix 8 and the
composition of the materials tested in discussed in the appropriate results chapters.
2.3.3 Particle Size Analysis
It is important to determine the size of particles in a material, as this can affect its
performance in a v~riety of applications. One of the methods to measure particles in
the urn range is by laser scattering and this will be described further (Malvern, 1988).
Theory of Laser Light Scattering
Laser light scattering is the basis of the type of particle size analyser used in this
work. The sample is introduced to an analytical beam (low power helium-neon laser)
where the particles scatter the light. The energy of this light is measured by a
detector at the characteristic scatter angle. This angle is related to the diameter of
the particle - small particles scatter at large angles. A continuous measurement is
made of the sample flowing through the beam in aqueous solution and a set of
readings taken to determine the particle size distribution of a sample. The particle
size distribution can be analysed directly and calibration is not necessary.
Use of Particle Size Analysis
The particle size is important in relation to the heavy metal removal capabilities of an
ion exchanger; generally small particle size provides a more efficient exchange. It is
also crucial to how the material could be applied in a motorway stormwater treatment
facility, as a very fine material would be difficult to contain to prevent release into the
environment.
Particle size analysis was carried out on a Malvern MasterSizer Analyser by Peter
Worgan at the University of Surrey. All ion exchange materials of a fine powder
consistency were characterised by this technique. The materials were added directly
into the sample chamber using water as a dispersant with a pump/stir speed of 50-
70%. The modal particle size was taken as a representative value for a particular
material. Values are given in the appropriate results sections for the powder ion
exchange materials.
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2.3.4 Thennogravimetry (TG)
This technique involves subjecting a sample to a temperature controlled heating
program and monitoring the mass loss. This can provide information about the
thermal behaviour and composition of the sample.
TheoryofTG
Thermogravimetry is carried out on a thermobalance (Figure 2.11). A solid sample is
heated in a furnace under a controlled atmosphere and the mass monitored in
relation to temperature (Braun, 1987; Dodd and Tonge, 1987; Brown, 1988).
Electronic weighing
mechanism
1"-
~ij:;~d...~ Temperature
programmer
Tare
Gas Gas
Figure 2.11 - Schematic diagram of a thermobalance (based on Brown, 1988)
There are several types of balance, which operate either by deflection or in null
mode. In null mode a sensor detects the change in sample weight and a restoring
force brings the balance beam back to its original position. This method is preferred,
as it ensures the sample remains in the uniform hot zone of the furnace.
Figure 2.12 - Example of a balance head unit (based on Dodd and Tonge, 1987)
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Figure 2.12 illustrates how a typical balance is set up to monitor the mass change
and adjust the position of the balance beam. An electric bridge circuit maintains a
state of constant electromagnetic balance. The shutter, attached to the balance
beam, controls the light intensity from the lamp, which is received by the photocells.
Movement of the balance beam results in an excess of current flowing through one
of the photocells, which is directly proportional to the change in sample weight. The
amplified output from the photocell is passed to a coil, which exerts a force on the
beam (proportional to the current) to restore the balance to its null-point.
The sample container is held in a non-inductively wound furnace where it is heated
linearly over a wide temperature range. It consists of a wire coil (nichrome used up to
1000 °C, Pt/Rh up to 1500 0C) coated with ceramic material, surrounded by an
insulator.
The furnace is directly connected to the temperature programmer which controls the
initial and final temperatures (e.g. ambient to 1200 0C) and the heating rate (typically
5 - 25°C per minute). A thermocouple is often used to measure the temperature of
the furnace. The location is critical - it cannot be placed in the sample to prevent
contamination, but this does lead to some error in temperature measurement.
Purging the system with gas controls the atmosphere within the furnace and for an
inert atmosphere argon or nitrogen are often used. Oxidising conditions are created
using air or oxygen.
A continuous record of the mass loss as a function of time is provided by the
recorder/data acquisition system, producing a thermogram. This can be used for
quantitative (change in mass) or qualitative (temperature where change occurs)
analysis of the sample.
Use ofTG
A Stanton Redcroft STA-780 thermal analyser was used with a static air atmosphere.
Thermogravimetry was employed as a means of determining, on the basis of the
residual mass, if substitution of a heavy metal has occurred in the structure of
hydrotalcite. The experimental method and results are presented in Section 4.2.3.
TG was also used for determining the water content of lignite and synthetic zeolites.
The procedure involved heating 30 - 40 mg of sample up to 1000 °C at a rate of 10
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°C per minute. Results are presented in Section 4.1.1 for lignite and 4.3.1 for the
synthetic zeolites.
2.3.5 Magic Angle Spinning Nuclear Magnetic Resonance (MAS-NMR)
Nuclear magnetic resonance (NMR) is the study of nuclei in a magnetic field
absorbing radiation in relation to their molecular environment, providing structural
information. The main theoretical principles and use in this research will be
discussed (Akitt, 1983; Atkins, 1998).
Theory of NMR
Certain atomic nuclei possess properties of spin (of quantum number I) and an
associated magnetic moment (~). When a magnetic field is applied the nuclei are
orientated in (21 + 1) directions, with different energies. Transitions between the
energy levels (AE) occurs when the frequency of the applied radiation (v) satisfies
the fundamental resonance condition (equation 2.9), and a strong absorbence of
electromagnetic radiation is detected:
v = y B J 21t (2.9)
where v is the frequency of applied radiation needed for resonance to occur with a
nucleus of a magnetic ratio y in a magnetic field B. The resonance frequency for a
particular nucleus is dependent on its chemical environment and any differences can
be measured relative to a standard reference frequency (chemical shift).
The chemical shifts of nuclei depend on their orientation to the applied field. The
magnetic dipolar interaction between nuclear spins gives rise to a local magnetic
field, which is averaged to zero in liquids but not in solids. These effects cause broad
linewidths in the resultant spectra for solids. This problem can be overcome by
spinning the solid sample at high speed at the 'magic angle' of 54.74° to the applied
magnetic field, averaging these terms to zero and producing high resolution, narrow
linewidth spectra.
Use of MAS-NMR
MAS-NMR provides useful structural information on zeolites. 29Si analysis can
determine which and how many other atoms it is bonded to, and 27AI analysis
distinguishes between tetrahedral and octahedral co-ordinated aluminium (Dyer,
1988). The technique was used in this work to determine if any structural changes
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occur with a particular synthetic zeolite on contact with increasing concentrations of
heavy metals in solution (Section 4.3.7).
29Siand 27AI MAS-NMR analysis was carried out at the EPSRC Solid-State NMR
Service at the University of Durham. Spectra were run on a Varian Unity Inova
spectrometer under the following conditions:
Nucleus Frequency (MHz)
29$i 59.582
27AI 78.158
Extemal reference
1 mol drn? AICI3 (aq)
2.4 SHAKING EXPERIMENTS
The experiments conducted for this work used a batch method to investigate the
potential of ion exchange materials to be used to remove heavy metals from
motorway stormwater. Batch tests provide the quickest and simplest method of
experimentation, which allows the screening of a large number of possible materials.
Previous projects have reported difficulties in packing synthetic zeolites into columns
due to their fine consistency, making it an unsuitable technique for this work
(Pinheiro, 1998).
A standard shaking procedure was developed and followed for all shaking
experiments, unless otherwise stated. The materials were not pre-treated to
minimise potential processing costs. A short contact time was chosen to represent
the duration the material would have to remove heavy metals from the motorway
stormwater in a treatment system. A ratio of 0.5 g to 50 ern" of solution was used,
similar to that used in experimental work by Dewhirst (1997).
Standard Shaking Procedure
• Materials were not preconditioned and were stored in the original packaging in
the laboratory.
• Each material (0.50 ± 0.02 g) was weighed (GALAXYTM4000D balance) into a
polypropylene bottle to which the solution (50 cm') is added.
• Samples are shaken on a mechanical shaker (IKA LABORTECHNIK, HS250
basic) at around 240 osc min" for a period of 10 minutes.
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• The samples were then centrifuged (Centurion) immediately at 3000 rpm for 3
minutes. The separated solution was transferred by pipette into Sterilin®
containers and stored at (4°C) prior to elemental analysis.
• The separated ion exchange material was dried in an oven at 40 QC.
• All samples were prepared in duplicate.
All polypropylene bottles and centrifuge tubes used were washed/stored in 5 % nitric
acid (Analar, Fisher) and rinsed twice with doubly de-ionised water prior to use (18
mO cm" quality from an Elgastat UHQ system). Chemical reagents used were
analytical grade from a variety of suppliers. Temperature control was not practical
but the temperature in the laboratory was monitored (17 - 20°C).
2.5 SUMMARY
In this chapter some potentially suitable types of low-cost inorganic ion exchange
materials for removing heavy metal cations from motorway stormwater have been
identified. The brown coal lignite would be an economical solution as it is a waste
product from clay mining and may also be able to reduce the organic pollutants
present in motorway stormwater, providing additional purification. Additional benefits
are also a possibility with hydrotalcite, as it is an anion exchanger. Clays and
modified clays have been suggested as useful materials for removing heavy metals
from saline environments, which seasonally is the case with motorway stormwater.
Zeolites appear to be the most suitable ion exchange material for this application due
to their high ion exchange capacity, affinity for heavy metals and the possibility of re-
generation. Natural and synthetic zeolites are considered to compare the
advantages and disadvantages of both types.
The techniques used to characterise the ion exchange materials used in this
research were XRD for structure identification and XRF for elemental composition.
Particle size analysis was also carried out on the fine materials. The ion exchange
materials used and characterisation details are discussed in Section 4.1.1 (zeolites,
clays, hydrotalcite and lignite) and Section 5.1.1 (large grain size zeolites). MAS-
NMR and TG were employed for specific studies on selected materials (Section
4.3.7 and 4.2.3 respectively). A simple batch experimental procedure has also been
designed for testing the ion exchange materials under set conditions.
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Analytical Techniques and Methods
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3.0 INTRODUCTION
This chapter will describe the techniques and methods used to analyse solutions for
their total elemental content. Analysis of solutions before and after contact with ion
exchange materials will provide information on the efficiency of heavy metal removal,
the mechanism by which the heavy metals were removed and other processes
occurring in solution.
3.1 ATOMIC ABSORPTION SPECTROMETRY (AAS)
Atomic absorption spectrometry (AAS) is a method used for determining the
concentration of elements in solution based on the absorption of radiation by free
atoms. This involves two main processes: the atomisation of the sample and the
absorption of radiation by the free atoms from an external source. Radiation is set at
a wavelength characteristic of a transition between the ground state and an excited
state for a particular element. The intensity of light leaving the analyte is diminished
by an amount proportional to the number of atoms absorbing it. This can be related
to concentration as described by the Beer-Lambert Law:
A = log [10 /1] = E c I (3.1)
where, A = absorbance, 10= initial light intensity, I = transmitted light intensity,
E = constant of proportionality or 'absorptivity', / = pathlength, and c = concentration
of absorbing species. The absorbance is directly related to concentration, and
calibration (i.e. plotting the observed absorbance against samples of known
concentration) allows the concentration of elements in an unknown sample to be
determined.
3.1.1 Instrumentation
The main components of a flame atomic absorption spectrometer are shown in
Figure 3.1 and will be discussed individually in more detail (Beaty and Kerber, 1993;
Dean, 1997; Ebdon eta/., 1998).
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Radiation
source
Flame
t
Nebutiser
Figure 3.1- Main components of a flame AA spectrometer
Radiation Source
Atoms absorb light at discrete wavelengths and a source is therefore required which
will emit radiation at the specific wavelength of the analyte. A hollow cathode lamp
(Hel) is the most common device, providing a high degree of sensitivity.
Hollow
cathode Silica
window
./'"
Connecting
pins
Anode
envelope
Figure 3.2 - Diagram of a hollow cathode lamp (based on Dean, 1997)
The hollow cathode lamp produces excited atoms of a particular element, which emit
radiation at their characteristic wavelength. It consists of a hollow cylindrical cathode,
lined with the metal of interest. This and the anode are contained in a cylindrical
glass envelope, with a silica window, filled with an inert gas such as argon or neon. A
voltage is applied across the electrodes and the passage of current (2 - 30 mAl
induces ionisation of the fill gas. These ions are attracted to the cathode, accelerated
by the field, and upon impact, liberate the metal atoms. Further collisions excite the
metal atoms producing an intense characteristic spectrum of the metal.
Flames
The high temperature of a flame provides a means of converting the analytes in
solution into free atoms. There are different principal types of fuel and oxidants that
can be used to generate the flame and the ratio between them can be varied, so as
to affect the flame temperature (Willard et al., 1988). In general, an acetylene/air
mixture is adequate, providing temperatures between 2125 - 2400 oC, but an
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acetylene/nitrous oxide (2600 - 2800 0C) flame is required to atomise some
refractory elements, such as aluminium (Beaty and Kerber, 1993). A stoichiometric
mixture of the fuel and oxidant usually provides the highest flame temperature,
whereas a fuel-rich composition lowers the temperature. However, the latter creates
a more reducing environment, which can increase the atomisation of refractory
elements (Ebdon et al., 1998).
A slot burner is used which is positioned in the light path of the HCL. It has a length
of 100 mm for the air-acetylene flame and only 50 mm for the nitrous oxide-
acetylene flame owing to the higher burning velocity.
There are several different regions in a typical laminar flame, as shown in Figure 3.3.
Secondary reaction zone
Inter-conal region
Primary reaction zone
Pre-heating zone
Burner
Pre-m)(ed gas
Figure 3.3 - Structure of a laminar flame (based on Dean, 1997)
The pre-mixed gases are heated in the pre-heating zone where the temperature
increases exponentially until ignition. The primary reaction zone surrounds the pre-
heating zone where the most energetic reactions occur. However, in this zone there
is insufficient time for eqUilibrium to be reached, and so partially combusted gases
and flame radicals (H, OH, C2', CH, CN') pass into the inter-conal region.
Exothermic radical combination reactions occur here, in the most analytically useful
zone. In the secondary reaction zone, the final flame products are formed when the
partially combusted gases come into contact with the oxygen in the air.
Sample Introduction
The sample is introduced into the flame as an aerosol to encourage efficient
atomisation. This is usually done by a pneumatic nebuliser (Figure 3.4). The solution
is sucked up through a plastic capillary tube fixed to a platinumliridium capillary tube.
The oxidant gas leaves the exit orifice at high velocity creating a pressure drop.
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which draws up the liquid and breaks it up into srnan droplets (aerosol). This is
known as a concentric nebuliser and has a typical uptake rate of 3-6 cm" min'.
Plastic
capillary
Fuel Burner stem
Concentric
nebuliser ~ I
Oxidant
Sample
Expansion
chamber
Figure 3.4 - Concentric nebuliser and expansion chamber
(based on Ebdon et al., 1998)
The nebulised solution enters the expansion chamber where only fine droplets are
allowed to enter the burner and the larger droplets condense out. The baffles aid this
process and the residual solution is drained out via a U tube. The other role of the
expansion chamber is to facilitate the safe pre-mixing of the oxidant and fuel gases
before their introduction to the flow burner.
The sample solution is nebulised into the flame as an aerosol where the analyte is
desolvated, vaporised and atomised (Beaty and Kerber, 1993):
MX (soln) ~ MX (soln) aerosol ~ MX (s) aerosol ~ MX (g) ~ M (g)
Wavelength Selection and Detection
Light from the radiation source passes through the flame, the resonance line is
isolated by a monochromator and the transmitted radiation is measured by a
photodetector. The absorption is determined by the difference in signal intensity with
and without the analyte present in the flame (Willard et al., 1988).
The light from the source is conveyed to the monochromator by a photometer. There
are two possible configurations for this - single beam or double beam. The single
beam has a single optical path from the HCL through the flame into the
monochromator. The double beam photometer (Figure 3.5) uses a mirrored chopper
to split the beam from the source, half passes through the flame and the other half is
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diverted around, they then recombine by a half silvered mirror before passing into
the monochromator. The beam travelling around the flame can be used as a
reference to compensate for any fluctuations in the hollow cathode lamp (caused by
warm-up, drift, and source noise), improving the precision of the absorbance
measurements.
Reference beam
Flame
Figure 3.5- A double beam photometer (based on Beaty and Kerber, 1993)
The role of the monochromator is to disperse the various wavelengths of light from
the source and focus the analytical line of interest on to the photomultiplier detector.
Photomultiplier r----------------,
o 'E-/~============~~
Exit slit
Entrance slit I
Figure 3.6- A monochromator (based on Beaty and Kerber, 1993)
Light from the source enters the monochromator and is directed to the grating, which
is a reflective surface ruled with lots of close parallel lines. This disperses the
wavelengths of light at different angles (diffraction), the angle of the grating is
adjusted so that only a selected emission line is allowed to pass through the exit slit
to the detector.
A photomultiplier tube (PMT) is used to detect the attenuation of radiation from the
source by the atoms in the flame. It operates by proportionally converting photons to
a current, which can then be processed into a read-out device.
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Background correction methods can be applied to overcome problems caused by
absorbance and scatter by molecular species. The most basic is the continuum
method, which corrects the absorbance signal by comparing the absorbance from
the line source (HCL) with that from a continuum source (e.g. deuterium lamp). The
line source will observe atomic and molecular absorption as well as light scattering.
To the continuum source the amount of atomic absorption is negligible, although the
same amount of non-specific absorption is seen. The instrumental set-up involves
the use of a beam splitter (rotating mechanical chopper) to align the light from both
sources through the flame in exactly the same place. There is the problem with loss
of light intensity by use of the beam splitter with this technique and so other methods
have been developed, including the Smith-Hieftje and the Zeeman effect, but these
have not been used and so will not be discussed further.
3.1.2 AAS Methodology
Atomic absorption spectrometry (AAS) is the major analytical technique used in this
work as it provides a quick and simple method for determining the concentration of a
range of elements with minimum interferences. It is employed for the analysis of
synthetic heavy metal solutions from all batch experiments. The level of heavy
metals (Zn, Cu, Pb, Cd) removed from solution and the subsequent elements
released (Na, Ca, Mg, K, Fe) from the ion exchange materials were determined.
A Perkin Elmer 5000 Atomic Absorption Spectrophotometer was used with an
acetylene/air flame at a ratio of around 3/5. Hollow cathode lamps were used and
warmed-up for 30 to 60 minutes prior to analysis. The position of the lamp was
manually adjusted to generate the highest possible energy reading.
Method Development
The choice of wavelength depends on the elemental sensitivity and working range
required. The most suitable wavelengths to achieve the best signal for each analyte
were selected from Parker (1972). Standards of a range of concentrations were
prepared and run on the Perkin Elmer instrument. This determined the range over
which the calibration is linear and the lowest possible concentration where a signal
can be obtained for each analyte. The results and instrumental parameters used are
given in Table 3.1.
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Table 3.1 - Elements analysed by AAS in this work, instrument parameters and
determined linear calibration range
Element A. (nm) Lamp current Calibration range
(mA) (mg dm-3)
Cu 324.8 5 0.1-10.0
Zn 213.9 10 0.05 -7.50
Pb 217.0 10 0.5 -10.0
Cd 228.8 8 0.05 -7.50
Na 589.0 8 0.1 - 5.0
Ca 422.7 6 0.1- 20.0
Mg 202.6 6 1-50
Mg 285.2 6 0.1 -2.0
K 769.9 8 0.1 - 2.0
Fe 248.3 15 0.1-10.0
Consideration of AAS Interferences
There are interferences that need to be considered with AAS before analysis, but
most of them can be easily overcome.
• Chemical
Chemical interferences involve the element of interest forming thermally stable
compounds with certain molecular or ionic species found in the sample solution. This
results in a reduction in the number of analyte atoms and therefore a lower signal.
An example of this is the presence of phosphate, which causes a signal depression
for calcium due to the formation of the thermally stable compound calcium
pyrophosphate. This problem can be resolved by the addition of a releasing agent,
which will combine with the interferrent, for example lanthanum or strontium (Varma,
1984). There is no phosphate present in the synthetic solutions prepared and
therefore chemical interferences for calcium were dismissed.
• Ionisation
Elements that have a low ionisation potential e.g. alkali or alkaline-earth metals are
subject to ionisation interferences. They can be ionised in the relatively hot
environment of the flame, meaning there are fewer free atoms present and thus a
lower absorption ~ignal. This problem can be overcome by the addition of an
ionisation suppresser/buffer, which is a large excess of an easily ionisable element
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(Varma, 1984). For example, adding an excess of caesium will preferentially ionise
and suppress the ionisation of sodium by a simple mass action effect:
Cs (excess) ~ > Cs+ + e-
Na Na+ + e-
~
There is a possibility of ionisation interferences with the analysis of calcium,
magnesium and sodium. Analysis of check samples (set level of calcium/magnesium
nitrate, sodium hydroxide dissolved in 1% nitric acid) indicated this was not a
significant problem and therefore no buffer was added. These check samples were
also used as a quality control check and are described later in this section.
Significant ionisation interferences are observed for potassium owing to its very low
ionisation potential (4.3 eV), making it difficult to analyse by AAS. It was found that a
signal could be obtained following the addition of 1000 mg dm-3 caesium (chloride) to
all solutions (lower ionisation potential of 3.9 eV), although the linear concentration
range was only 0.1 to 2.0 mg dm-3. Analysis of samples produced highly variable
signals and consequently it was concluded that it was not possible to quantify the
potassium present in samples.
• Spectral
Spectral interferences are not very common in atomic absorption spectrometry due
to the high selectivity of the method. The only atomic line subject to spectral overlap
is that of Eu (324.8 nm) on Cu (324.8 nm), but this is not significant unless there is a
large excess of europium. However, the overlap of molecular bands and lines is
more of a concern. For example, Pb (217 nm) coincides with a strong molecular
absorption from N~CI. This can usually be corrected with a background correction
technique (Dean, 1997).
• Physical
There may be variations in the transport of the solution into the flame and the nature
of the aerosol formed (dependent on the surface tension, density and viscosity of the
sample solution). This can be accounted for by matrix-matching i.e. ensuring all
standards and sample solutions are prepared with the same solvent and have a
similar background matrix (Dean, 1997). In this work, standards and dilutions were
prepared using 1% nitric acid (Aristar). All synthetic solutions for the batch
experiments were prepared with nitrate based salts.
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• Matrix effects
The solutions to be analysed will contain a variety of different metals. It is therefore
necessary to evaluate the effect of matrix interferences on the analyte signal. The
affect of high levels of magnesium and sodium (up to 1000 mg dm") on the
absorption signal for each heavy metal (3 mg dm") was evaluated, as these are
likely to be released in large quantities from the various ion exchange materials.
Magnesium did not influence the determined heavy metal concentration but a
reduction on the copper and cadmium signal was found at levels above 500 mg drn?
of sodium (Figure 3.7).
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Figure 3.7- Effect of magnesium and sodium concentration (mg drn") on heavy
metal concentration (mg dm") as determined by AAS
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Sodium was also found to affect the signal for calcium, as shown in Figure 3.8 for a 2
mg drn? Ca solution. The signal appears initially enhanced at lower concentrations
(Na has slightly lower ionisation potential - 5.1 compared to 6.1 eV) but is then
reduced at 1000 mg dm".
o 200 400 600
Na (mg dm.J)
800
3
~; 2 ~~----~---------+-------- ~
'0
~-ca 1o
o -t-----,------.---.---.-,.-----,.-------,
1000
'--------_. __ .-----_._-------------___j
Figure 3.8 - Effect of sodium concentration (mg dm") on calcium concentration
(mg dm-3) as determined by AAS
Samples with a sodium concentration of 500 mg drn? or greater were diluted below
this threshold in order to measure the heavy metal and calcium content.
Analysis Procedure
For the mixed heavy metals (Zn, Cu, Pb, Cd), sodium and calcium, standards of
concentration - 0, 0.1, 0.5, 1.0, 2.0 and 5.0 mg drn? were prepared from a stock
solution of 10 mg dm? elemental standards (Merck, Poole, UK) in 1% nitric acid
(Aristar™) by serial dilution. The wavelength and range of standards used for
magnesium varied according to the levels in the particular batch of samples (Table
3.1). For low concentration ranges standards of 0, 0.1, 0.5, 1.0, and 2.0 mg cm"
were used and 0, 1, 5, 10, 20 and 50 mg dm? for a higher range. Doubly de-ionised
water (18 mO cm' quality from Elgastat UHQ system) or 1 % nitric acid (Aristar™)
were used, as appropriate to the sample matrix.
Doubly de-ionised water was used as a wash solution with 5 % nitric acid (Aristar™)
run after high sodium samples. The instrument was auto-zeroed in doubly de-ionised
water and three readings were taken (every 0.5 seconds) for each solution. The
average of these readings was used as the signal for that standard or sample. Linear
regression calibrations were performed using the average absorbance readings from
the blank and standards. The correlation coefficient (r) was used to check linearity (r
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> 0.99). Details of the calculation procedures are given in Appendix A. In the case of
lead the signal was occasionally too low to detect the lower standards (0.1, 0.5 mg
dm-3) and in these situations 4 or 5 point calibrations were used. The average
sample reading was used to calculate the sample concentration from the calibration
equation. Dilution of samples was often necessary, doubly de-ionised water or 1%
nitric acid was used as appropriate to the standards used, and the dilution factor
accounted for in the calculation of sample concentration.
Quality Control
A quality control (QC) sample for all analytes was prepared to check the calibration
and to monitor the signal throughout analysis. For the heavy metals, mixed nitrates
in 1 % nitric acid were used, in order to matrix-match the samples, at a mid-range
concentration of 3 mg dm", freshly prepared by dilution from a stock solution (300
mg dm"). Stock solutions of 1000 mg dm? sodium (hydroxide) and calcium (nitrate)
were used to prepare QC check samples at a concentration of 2 mg dm-3 in 1 % nitric
acid. For magnesium, a stock solution of 250 mg dm? (nitrate) was used to prepared
QC check samples at 25 and 1.25 mg dm-3 as appropriate to range of standards
used.
The QC check sample was run every 8 to 10 samples, the absorbance readings
were monitored throughout analysis to ensure the signal did not drift (signal
suppression or build up of analyte). Table 3.2 shows the prepared and determined
concentration from the different QC check samples calculated over an analysis
session (details of the calculations in Appendix A).
Table 3.2 - Examples of QC data (mg dm-3) for major analytes from typical runs
on the AAS (n = number of measurements)
Prepared Measured StDev RSD (%) n
Cu 3.00 2.93 0.02 0.76 6
Zn 3.00 2.82 0.02 0.65 6
Pb 3.00 2.76 0.08 3.00 6
Cd 3.00 2.73 0.03 0.96 6
Na 2.00 1.96 0.02 0.79 14
Ca 2.00 2.0S O.OS 2.S5 10
Mg 25.0 24.7 0.35 1.40 5
Mg 1.25 1.25 0.01 0.33 5
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The relative standard deviation (RSD %) provides an indication of the repeatability of
the analytical procedure. Table 3.2 shows that this is good for all major analytes. In
general, the QC checks successfully assure the quality of the analytical data
produced by this method.
3.2 INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY (ICP-MS)
This technique couples together an Inductively Coupled Plasma (ICP) as an ion
source with a Mass Spectrometer (MS) as a method of separating ions based on
their mass-to-charge (m/z) ratio. It is capable of rapidly analysing a large variety of
elements with a high degree of sensitivity.
3.2.1 Instrumentation
Figure 3.9 shows a schematic diagram of a typical ICP-MS instrument. The
important features are discussed in more detail below (Vandecasteele and Block,
1994; Dean, 1997; Ebdon et al., 1998).
Multiplier
MASS ANALYSER INTERFACE ICP SAMPLE
DETECTION INTRODUCTION
Figure 3.9 - Schematic diagram of an ICP-MS instrument
Sample Introduction
The sample is drawn up through capillary tubing by a peristaltic pump. If an on-line
internal standard is to be used (discussed later) then a T-piece may be used which
draws up both solutions at the same rate and combines them before entering the
nebuliser.
The pneumatic nebuliser is the most commonly used method of converting the
sample solution into fine droplets (aerosol) by a high-velocity stream of argon gas.
There are several nebuliser designs: the v-groove, concentric or cross-flow. The one
used in this study is the v-groove design, which is suitable for solutions with high
solids content (typically < 1 %). The solution is nebulised into the cooled spray
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chamber (4°C) where the larger droplets condense out and go to waste allowing
only the finest particles to enter the plasma.
IGP
A plasma is a high temperature source of argon atoms, ions and electrons used to
ionise the analytes (Figure 3.10). The plasma torch consists of three concentric
quartz tubes with argon flowing through at various rates. There is a water-cooled
induction or load coil surrounding the top of the torch, which is powered by a
radiofrequency (RF) generator. This induces an oscillating magnetic field, which
follows elliptical paths outside the induction coil and whose lines of force are axially
orientated inside the plasma torch.
Quartz torch
~
Magnetic
field
coil
t
'" Coolant gas
f\_
Auxiliary gas
Carrier gas
Figure 3.10 - The Inductively Coupled Plasma (ICP) (based on Ebdon et a/., 1998)
To initiate the plasma, a spark from a Tesla coil (attached to the outside of the
plasma torch) ionises the flow of the argon carrier gas. The resulting ions and
associated electrons interact with the fluctuating magnetic field, causing the ions and
electrons within the coil to flow in closed annular paths. The process is self-
sustaining and argon atoms, ions and electrons co-exist within the plasma.
The plasma is extremely hot (ca 10,000 K) so a flow of argon cools the inside walls
of the centre tube in the torch and centres the plasma. The plasma is a bullet shape
due to the high-velocity argon gas escaping. The carrier gas (containing the sample)
is introduced to the plasma and effectively 'punches' a hole in the centre, creating
the characteristic toroidal (doughnut) shape of the ICP.
It is in the ICP that the sample is ionised, the major process being thermal ionisation.
This is a result of ion-atom or atom-atom collisions from thermal agitation of the
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particles. The degree of ionisation depends on the electron number density, the
temperature of the plasma and the ionisation energy of the analyte.
In the case of IGP-MS the plasma is positioned horizontally so that the ions can be
extracted directly into the mass analyser component.
Interface
The key development in IGP-MSwas of a suitable interface to extract the ions from
the high temperature IGP at atmospheric pressure into the mass spectrometer,
which operates at a high vacuum (10-9 atm). This is achieved by a series of
differentially pumped vacuum chambers held at consecutively lower pressures.
Accelerator
Skimmer Sampler
C~~ ~~
rJ_ r
Plasma
Ion focusing cone ~
lenses----o~~=~~
~ -r-J"
Analyser
turbo
Intermediate Rotary
turbo pump
Figure 3.11-lnterface between the ICP and the Mass Analyser
(based on Dudding, 2000)
The ICP is aligned with a water-cooled sampling cone (made from nickel) with an
orifice 1.1 mm in diameter. The pressure behind this cone is reduced by a rotary
vacuum pump to around 2 x 10-3atm and this pressure differential draws the plasma
gas and analyte ions through the small orifice. A second skimmer cone is located
close behind, so that the central region of the expanding jet of gases from the
sampler cone passes through. This cone has an orifice of 0.8 mm and the pressure
of this secondary chamber is less than 10-7 atm. The instrument used for this work
(Finnigan MAT SOLA) also has an accelerator cone (1 mm aperture) placed behind
the skimmer which focuses the ion beam. A turbomolecular pump maintains a
vacuum of around 1 x 10-9 atm. The extracted ions are then focused by a series of
ion lenses, which deflect the ions along a narrow path and focus them onto the
entrance of the mass analyser.
- 73-
Sarah Pitcher ANALYTICAL TECHNIQUES AND METHODS
Mass Analyser
A mass analyser separates ions by their differing mass-ta-charge ratios (m/z), with
the most common method being the Quadrupole analyser. This is composed of four
metal rods that are parallel and equidistant from a central axis. A combination of
radiofrequency (RF) and direct current (DC) voltages are applied to opposite pairs of
the rods. The DC voltage will be positive for one pair and negative for the other, the
RF voltages on each pair will be 1800 out of phase. An electric field is created in the
region between the rods and this allows only ions in a narrow m/z range to pass. It is
dependent on the RF to DC ratio; selection of an appropriate voltage allows ions of a
particular mass to emerge from the quadrupole, while the others strike the rods and
are neutralised.
Detection
The most common method of detection is the Channel Electron Multiplier. It consists
of a curved glass tube with a flared end, coated with the semi-conducting material
lead oxide. The tube has a high negative potential at the entrance, which is held at
the ground near the collector; this attracts positive ions from the mass analyser. On
impact one or more secondary electrons are ejected and then attracted towards the
ground collector in the tube. These electrons can also collide with the surface
coating ejecting further electrons. An exponential cascade of electrons (multiplication
process) builds up along the tube, eventually reaching saturation towards the end of
the tube when all electrons are collected. The large electron pulse created is read at
the base of the multiplier.
Another method of detection is the Faraday cup. It is simpler than the channel
electron multiplier, but not as sensitive. It consists of a cup shaped metal tube
connected to a high gain amplifier. Ions arriving at the surface of the cup give up
their charge and the resulting current is measured as a voltage drop over the input
resistor of the amplifier. Although the detection limits are poorer, it is more robust
when compared to the multiplier which has a finite lifetime.
Quantitative analysis is possible by selecting the m/z of the analyte, measuring the
ion signal produced and carrying out a calibration. The ion signal for each element
varies by mass, ionisation potential and natural abundance of the isotope.
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3.2.2 ICP-MS Methodology
The Finnigan MAT SOLA instrument was used for the analysis of copper, zinc,
cadmium and lead in simulated and actual motorway stormwater solutions. It is a
more suitable technique than AAS owing to its capability of detecting low levels of
heavy metals (Jlg drn") that are found in motorway stormwater.
Instrument Set-up
The RF power and nebuliser flow-rate influence the region of maximum ion content
in the plasma and hence affect the ion signal produced. These parameters were
varied for a mixed solution of the heavy metal analytes (50 J..lgdm") and a
compromise of conditions for all four selected:
Incident Power: 1.5 kW Nebuliser Flow Rate: 0.90 dm3 min"
A 100 Jlg dm? indium (mass 115) solution was used to optimise the signal as it is in
the middle of the mass range of the analytes. This was carried out at the start of
each run by adjusting the position of the main ion lenses, for example:
Y Steer: 5.85 Y Deflection: 4.10 X Deflection: 5.94
Table 3.3 - Summary of constant settings on ICP-MS
Nebuliser Pressure: Coolant flow: Intermediate Flow:
2.2 bar 15 dm3 min" 800 cm3 min"
Spray Chamber Temperature: 2 °C Pump speed: 15 rpm
Resolution: 34 Multiplier Voltage: 6.00 Extraction: 2.85
Focus: 5.35 Match: 6.60 Pole Bias: 6.00
Filter: 8.05 Interspace: 0.10 Discrim inator: 0.60
Vacuum at each stage:
1: 2.9 x 10° mbar 2: 3.0 x 10-3mbar 3: 43.9 x 10-5 mbar
A semi-quantitative method with the multiplier detector was used - 8 c (channels), 2
ms (dwell time), 100 p (passes per scan), 3 s (scans).
Interferences
Interferences are a major drawback. of ICP-MS analysis; they can be placed into two
general categories, spectroscopic and matrix. These will be considered for the heavy
metal analytes of interest to this work. (Vandecasteele and Block, 1992; Dean,
1997).
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• Spectroscopic Interferences
Spectral interferences occur when the analyte to be measured has the same mass
number as another isotope or polyatomic species present in the plasma.
Isobaric interferences result from the overlap of an analyte isotope to the isotope of
another element that may be present in the plasma, e.g. 116Cd+on 116Sn+.This
problem can usually be avoided as an alternative isotope can be chosen (although
this may be at the expense of the sensitivity if the selected isotope is of a lower
natural abundance).
The interfering species could also be a molecular ion (polyatomic), formed between
atoms in the sample matrix, plasma gas, water or acid solutions and atmospheric
gases. For example, 68Zn+with 4OAr14N14N+(nitrogen from acid or dissolved air) or
63Cu+with 4OA~Na+ (if there is sodium in the sample matrix). When the polyatomic is
part of the background spectrum (e.g. from acid in the standards/samples) it can
usually be accounted for by blank subtraction, but some polyatomics are harder to
predict if they vary with the sample (e.g. different quantities of sodium in samples).
It is also possible that oxide, hydroxide and doubly charged species are formed as a
result of incomplete sample dissociation or recombination in the plasma tail.
Potential interferences of 65Cu+are 33S160160+and 32S33S+,these would occur with
sulphuric acid (in this work nitric acid is used as a solvent). Doubly charged species
are quite rare and only occur if the second ionisation of an element is lower than the
first ionisation of argon (e.g. 1328a2+).
The isotopes chosen and their natural abundances were 65Cu+ (30.91%), 66Zn+
(27.81%), 112Cd+(24.07%), 206Pb+(52.3%). These were chosen by consideration of
possible polyatomic interferences (e.g. 63Cu+ with 4OA~Na+), avoiding isobaric
interferences C10Cd+ on 110Pd+,although this is unlikely to be a problem) and of
reasonably high natural abundance (206Pb+- 52.3% rather than 207Pb+- 22.6%).
• Matrix Interferences
The matrix of the sample can induce changes in the ion signal intensity of the
analyte. This can ~ quite a severe problem and is highly variable.
Ionisation suppression is a common problem when there is a high salt content
present in the sample. Alkali or alkaline-earth metals are readily ionised and so take
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up a lot of the energy from the plasma meaning the analyte elements are ionised to a
lesser extent. Another explanation for signal suppression could be due to a space
charge effect after the ion beam is extracted from the plasma. The ion beam
contains a high density of positive ions and this increases with a high concentration
of matrix ion (e.g. Na+) present. These repel the analyte ions and the beam is more
difficult to focus through the lens system, reducing the measured amount of analyte
ions detected.
The effect of sodium on the ion signal has been observed to be more extreme for
lighter analytes and the levels at which suppression occurs varies between studies
as the instrument conditions cause some variation (Grzeskowiak, 1994). An
experiment conducted on the instrument used in this work found suppression was
significant for all heavy metal analytes (65CU+, 66Zn+,112Cd+,208Pb+)at 500 mg drn?
(Figure 3.12). Zinc was the most severely affected with a 65% decrease in ion signal
at 500 mg drn", the other heavy metal analytes showed a reduction of approximately
35%.
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Figure 3.12 - Effect of sodium concentration (mg dm") on ion signal for heavy metal
analytes by ICP-MS
Sodium suppression is a big concern in the analysis of motorway stormwater
because it contains high concentrations of sodium due to the application of de-icing
salt to roads during cold periods (Section 1.2.4). Dilution of the sample would reduce
the levels of suppressant, but this is at the cost of the sensitivity of the analyte signal.
Matrix-matching of standards and samples may be possible, but only if the level of
sodium remains constant. The best and most commonly used method is Intemal
Standardisation.
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Intemal Standardisation
An internal standard is an element not present in the sample matrix but is in the
mass range of the analytes (it may be necessary to use more than one). It should be
subjected to the operating conditions and matrix elements in the same way as the
analytes under investigation. Therefore, a suitable element for use as an internal
standard must have a similar ionisation potential and natural abundance to the
analytes. A known concentration of this internal standard is added to all samples and
standards so signal corrections can be made to account for any fluctuations caused
by matrix effects.
The isotopes 74Ge+,1151n+and 2098i+were chosen for use as internal standards in this
work, as they have similar masses to the analytes. 74Ge+was used to correct the
copper and zinc signal; cadmium was corrected by 115In+;2098i+was usually used to
correct lead, but in some cases the signal was highly variable in which case 115ln+
was used. Their suitability to correct the signal of these analytes was confirmed in
long-term signal stability and sodium suppression experiments on the same
instrument by Hares (2000).
The correction procedure involves calculating the average internal standard signal
from the results generated throughout the whole analysis and using a ratio of this
average to the particular sample value to take into account any signal variations:
Average IS signal/IS signal a = correction factor
Analyte signal a I correction factor = corrected analyte signal
Precision of Calibration Standards
Standards containing copper, zinc, cadmium and lead at 1, 10, 50, 100, 150,250,
300, 400, 500 Ilg dm? (1% nitric acid) were each run five times. The calibration
curves were linear over this range for all heavy metal analytes. The calculated
relative standard dEWiation(% RSD) for each concentration of heavy metal standards
showed high variation for the lowest concentration, indicating poor precision (Figure
3.13).
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Figure 3. 13 - Precision (% RSD) of each heavy metal standard
Limit of Determination (LaD)
The limit of determination is defined as the mean plus six standard deviations of the
blank signal and provides a practical estimate of the lowest concentration it is
possible to confidently measure (Potts, 1987). The LOD for each analyte will vary
depending on the daily instrumental conditions. Examples of values determined prior
to sample analysis are listed below calculated using the blank signal from 5 runs at
the beginning of analysis.
Cu - 0.14 Zn - 0.36 Cd - 0.066 Pb - 0.13 (j1.gdrn")
Analysis Procedure
A mass calibration procedure was carried out at the start of analysis to check that
the isotope peaks appear at the correct masses by running a 100 j1.gdm? solution
for 6U, 59CO,1151n,209Biin 1% nitric acid.
A 100 j1.gdm? solution of germanium, indium and bismuth in 1 % nitric acid was run
as an on-line internal standard (using a T-piece for mixing) for the isotopes; 74Ge+,
1151n+and 209B;+.
ICP-MS elemental standards (Merck, Poole, UK) in nitric acid solution were used to
prepare all standards, by serial dilution using 1% nitric acid (Aristar™) solution. The
following range of multi-element standards was used for calibration: 0, 1, 10, 50,
100, 250 and 500 j1.g dm". The ion signals were plotted against elemental
concentration to generate a calibration by linear regression and .the multiple
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correlation coefficient r> 0.99 confirmed the linearity. The calculation procedures are
given in Appendix A.
The sodium content of samples was checked by AAS prior to analysis in order to
ascertain if dilution was necessary. If the levels were greater than 500 mg drn?
(determined to be point at which suppression occurs, Figure 3.11) the samples were
appropriately diluted with 1% nitric acid (AristarTM)to reduce severe matrix effects.
Where necessary samples were re-centrifuged or filtered to remove all trace
particulates to assure the fine tubing of the instrument did not become blocked.
A wash-out solution of 5 % nitric acid (Aristar™) was run to stabilise the initial signal,
between samples/standards and at the end of analysis to clean out the instrument. A
mid range standard was run periodically to ensure signal stability.
Quality Control
The certified reference material TMDA 54.2 (National Water Research Institute,
Environment Canada) was used as a Quality Control check to ensure the
measurements were accurate. It consists of diluted Lake Ontario water preserved
with 0.2 % nitric acid, containing a variety of metals including background levels of
calcium, magnesium, sodium and potassium. The certified values are specified at
the 95 % confidence interval (± 2 standard deviations).
Table 3.4 - Certified and experimentally obtained values (JlQ ern") for the heavy
metals analysed in reference material TMDA 54.2 (n = no. of runs)
Certified value Experimental n
Cu 460 ±41.9 420 ±4.0 2
Zn 540±49.1 547±1.B 2
Pb 531 ± 54.4 572 ±23.2 2
Cd 165 ±16.1 160 ± 1.2 2
The experimentally obtained values in Table 3.4 for the heavy metal analytes are
within the certified limits and have low standard deviations. The data produced by
this method can therefore be used confidently.
The average blank value before a set of samples was used to correct the signal if it
was found to vary; if the blank values were consistent during the analysis no
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correction was made. The calibration was applied to calculate the concentration of
each heavy metal and finally the value was multiplied by any dilution factor used.
3.3 ION CHROMATOGRAPHY (IC)
Ion Chromatography is a common technique for the analysis of anions and cations in
water. Ions in solution are separated by the selective exchange between ions in a
mobile phase and charged species associated with a stationary phase.
3.3.1 Instrumentation
A schematic diagram of the basic components involved in Ie is shown in Figure 3.14.
The main parts: delivery, separation and detection, will be discussed in more detail
(Dionex, 1983; Robards et al., 1994; Lederer, 1994; Fifield and Haines, 1995).
Injection
system
Analytical
column
waste
Suppressor
Delivery
Separation
Detection
Electronic integration
Figure 3.14 - Schematic diagram of an Ion Chromatography System
Delivery
The mobile phase (eluent) is transported through the column constantly and
precisely using a constant pressure/constant flow pump. A loop valve injector is used
to introduce the sample at the head of the column with minimum disturbance. The
sample loop is filled in the load position at atmospheric pressure. When the valve is
activated the sample is swept from the loop into the eluent flow which then carries it
on to the column.
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The eluent is an aqueous salt solution containing a competing ion (same charge as
the sample ion) which will elute the sample components through the column. The
properties of the eluent (pH, nature and concentration of competing ion) can have an
effect on the elution characteristics of the solute ions. With suppressed IC (to be
explained further) it is desirable to have competing ions that are easily neutralised in
acid-base reactions. For example, carbonate/bicarbonate mixtures for anion
exchange and dilute solutions of mineral acids for cation exchange.
Separation
The ionic species are separated due to the differences in their equilibrium distribution
between the mobile and stationary phase. The stationary phase is the key
component in Ion Chromatography.
The stationary phase is a polymerised resin with charged functional groups attached.
The resin base is composed of copolymerised styrene and divinylbenzene, the two
functional groups cross-link and the extent of this affects the rigidity of the material.
With a high degree of cross-linking, the pore volume is quite low and less separation
is obtained. Particle size also has an influence on the efficiency of separation;
generally smaller resin particles produce optimum results (Dionex, 1983).
In this type of Ion Chromatography the resins have a thin layer of charged functional
groups attached to the surface of the beads. For cation exchangers, the groups are
commonly sulphonic, carboxylic or phosphonic acids and for anion exchange, they
are tertiary or quaternary amines. These columns are highly efficient because the
functional groups are limited to the surface, so diffusion paths to exchange sites are
shortened (Dionex, 1983).
The column is equilibrated with the eluent prior to injection of the sample. This
replaces the counter ions of the stationary phase with the competing ions of the
mobile phase and these are the new exchange sites. In the case of an anion
exchange column with sodium hydroxide as the eluent, the column is converted to
the hydroxide form. The sample anions then exchange with the eluent ions and
move down the column. Ions have varying affinities with for the fixed exchange site
so separation of a mixture of ionic species is possible.
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Detection
Conductivity is a universal property of ionic species in solution and there is a simple
dependence on species concentration. This provides the most common and
sensitive method of detection. The increase in eluent conductivity produced by the
analyte ions is measured as they pass through the detector. However, the response
is non-selective so the buffer ions present in the mobile phase interfere with the
measurement of the analytes. This problem is reduced by the introduction of a
second column, a suppressor, between the separator column and the conductivity
cell.
Figure 3.15 illustrates how a membrane suppressor works in the case of anion
analysis. The eluent flows between two semi-permeable membranes, separating it
from a counter flow of sulphuric acid. The membrane is made up of low-density
sulphonated polyethylene hollow fibres. Cations are allowed to migrate through, but
anions are repelled by the sulphonic groups. The hydrogen ions migrate through the
membrane to the eluent and the sodium ions migrate from the eluent through to the
sulphuric acid. The carbonatelbicarbonate then react with the hydrogen ions to
produce water and carbon dioxide, which have a relatively low conductivity in
solution.
Eluent:
Na+, COlo, HC03-
+ analyte anions
w+
Membrane
Eluent:
CO2, H20, W
+ analyte anions
Figure 3.15 - A membrane suppressor for anion analysis (based on Reeve, 1994)
A further development is the self-regenerating suppressor. An electric potential is
used to electrolyse water and the ions migrate through to neutralise the effluent. This
can then be channelled back into the regeneration chamber (Dionex, 1997).
Electronic integration converts the chromatographic signal into a numerical form by
automatically mea$uring the peak area/height and retention times. Peaks can be
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identified according to their retention times providing the operating conditions (flow
rate, temperature, eluent strength) remain constant.
3.3,2 IC Methodology
The Dionex 20201 Ion Chromatography system was used for the analysis of anions
(Cr, SO/-, N03-) and cations (Na', K+, Mg2+, Ca2+) in motorway stormwater and
simulated motorway stormwater solutions before and after contact with materials to
determine the ion exchange processes occurring.
Instrument Set-up
The optimum conditions for the IC system were determined through work carried out
by A. Goubatchev·. The parameters developed are in Table 3.5.
Table 3.5 - Experimental parameters of IC system
CATIONS ANIONS
MOBILE PHASE: 25 mmol drn? HN03 0.5 mmol dm~ Na2C03/
12 mmol dm? NaHC03
Flow rate: 1.1 cm3 min" 1.5 ern" min"
Injection volume: 20mm3
Back pressure: ...,1700 psi -1200 psi
COLUMN: Dionex lonpac Analytical and Guard columns
CS12A (4 x 250 mm) AS11 (4 x 250 mm)
CG12A (4 x 50 mm) AG11 (4 x 50 mm)
SUPPRESSOR: Dionex Self-Regenerating Suppressor in auto-suppression
recycling mode (CSRS-II or ASRS-II)
DETECTION: Dionex ED-40 conductivity detector
Applied current: 100mA 300mA
Background
conductivity: 2-3 ~S ""26~S
In this Ion Chromatography system, two separator columns are used. A guard
column is placed before the analytical column to eliminate or reduce sample
contaminants that may damage the analytical column and interfere in the separation
process.
Private communication with MSc research student currently undertaking project on
'Analytical Method Development using IC and ICP-MS for the determination of chemical
species in environmental media'
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The CS12A analytical column is specifically designed for the analysis of alkali
metals, alkaline earth metals and ammonium. The stationary phase is a
macroporous (100 A) divinylbenzene polymer functionalised with relatively weak
phosphonic and carboxylic acids which have a high affinity for the hydronium ion
(Dionex, 1995).
The AS11 analytical column is designed to resolve large numbers of inorganic
anions from a single injection. The stationary phase is a combination of macroporous
(2000 A) divinylbenzene/ethylvinylbenzene polymer and microporous
polyvinylbenzylammonium polymer cross-linked with divinylbenzene with alkanol
quaternary ammonium functional groups (Dionex, 1995).
The Dionex Cation/Anion Self-Regenerating Suppressor was used in auto-
suppression recycle mode; the neutralised conductivity cell effluent is used as a
source of water for the regeneration chamber (Dionex, 1997).
Analysis Procedure
The analytical methodology adopted in this work was based on experiments by
Watts (1998) on the same instrument.
An example chromatogram is shown in Figure 3.16 for cations. The expected order
of elution of the cations and anions with retention times (minutes) is as follows:
Na+(3.7) K+(5.3) Mg2+(6.9) Ca2+(8.4)
cr (2.0) N03- (4.0) sol (13.2)
40 Ca2+
30 I
mV Na+ Mr· ~20 K+
10 I' I I\,_~/ -I \ ",I \..
1 2 3 4 5
minutes
6 7 8 9
Figure 3.16 - Example of a chromatogram for cation analysis
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Spex Ion Standards (Spex Chemical, Metwchen) mixed anion and cation standards
were used. The standards were prepared by serial dilutions using doubly de-ionised
water to the following ranges:
Cations: 1,2,5,10,20 and 40 mg dm-3 Na", K+, Mg2+
5,10,25,50,100 and 200 mg dm-3 Ca2+
Anions: 1,2,5,10,20 and 40 mg dm? cr
2,4,10,20,40 and 80 mg dm? N03-, sol-
In initial runs the standards were all run in duplicate and the calculated RSD (%)
indicated good reproducibility « 3 %), therefore for subsequent testing each
standard was run once. The concentration of each ion was plotted against peak
height to produce calibration curves with correlation coefficients used as a linearity
check (r > 0.99). The calculation procedures used are detailed in Appendix A.
Dilutions were carried out with doubly de-ionised water, as necessary where high
concentrations of sodium and chloride was expected, although this did reduce the
signals of the other ions present.
The peaks were identified according to the retention times and the peak heights
were used to ql,.lantify the amount of analyte ions present. The solution
concentrations were calculated from the calibration equation and then multiplied by
the dilution factor.
Blanks were run periodically to ensure there was not a significant build up of ions.
Mid-range QC check samples were prepared to run at the beginning and during
analysis, every 8 to 10 samples, to ensure the calibration was still valid. For the
anions, sodium salts of chloride, nitrate and sulphate were used to prepare a solution
containing 25 mg dm-3 of cr, 50 mg dm? of N03- and solo, For the cations, a
solution of 8 mg dm-3 Na+ (hydroxide), K+ (chloride), Mg2+ (nitrate) and 40 mg dm-3
Ca2+ (nitrate) was used. Some examples of the experimentally determined
concentrations for the QC check samples are given in Table 3.6.
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Table 3.6- Examples of QCdata (mg dm-3) obtained on a typical run on the IC
system (n = number of runs)
Prepared Measured StDev RSD (%) n
Na+ 8.0 8.1 0.3 3.1 3
~ 8.0 7.9 0.1 1.7 3
Mg2+ 8.0 8.4 0.3 3.1 3
Ca2+ 40.0 39.4 0.6 1.5 3
Cl' 25.0 23.0 0.1 0.5 3
N03- 50.0 49.7 1.3 2.7 3
SO.t 50.0 49.2 0.2 0.5 3
The RSD (%) shows good repeatability and the experimentally determined values for
the QC check sample shows the method used is adequate for the analysis of
stormwater samples for anions and cations.
3.4 CHAPTER SUMMARY
This chapter has provided a brief overview of the theory of operation behind the
analytical techniques used in this work. Suitable methods have been developed by
consideration of possible interferences and data from QC check samples analysed to
ensure the quality of the data produced.
The majority of solution analysis was carried out by AAS for the analysis of heavy
metals (Zn, Cu, Pb, Cd) and exchangeable metals (Na, Ca, Mg). This provides a
rapid and reliable method of analysing solutions with good signal stability.
ICP-MS was employed with motorway stormwater and simulated motorway
stormwater solutions where lower detection limits are required for the heavy metals
« 1 ~g drn"), Dilution and the use of an internal standard can avoid problems
associated with the high sodium content, which may be present in motorway
stormwater arising from de-icing salt.
IC determined the cation content of the motorway stormwater and simulated
samples, and a select few samples were analysed for their anion content. The
advantages of this technique are that the cations can be determined simultaneously
and it specifically analyses the ionic and not the elemental content.
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4.0 INTRODUCTION
There are several ion exchange materials that may be suitable for removing heavy
metals from motorway stormwater. In order to establish which type of ion exchange
material is most suitable for this application a simple batch experiment was designed
to allow comparison of their heavy metal removal capabilities. Potentially useful
types of ion exchange materials were identified from the literature in Chapter Two,
namely zeolites, clays and modified clays, hydrotalcite and lignite. In addition to
quantifying the amount of heavy metals each material can remove from solution it is
also necessary to ascertain the removal mechanism and the effect the material has
on other solution parameters (e.g. pH). An ideal material for this application should
be capable of removing the heavy metal cations by an ion exchange process to allow
for re-generation and not have any adverse effects on the natural conditions of the
aqueous environment.
The results from these initial screening tests indicated two types of ion exchange
material that had good heavy metal removal efficiency and were deserving of further
investigation. The anion exchanger, hydrotalcite, proved to be capable of reducing
the levels of heavy metal cations in solution and a series of experiments were carried
out in order to determine the removal mechanism. The synthetic zeolites tested also
exhibited good heavy metal removal and their ion exchange behaviour was studied
in more depth by a series of batch experiments, investigating the effect of
parameters such as contact time and heavy metal concentration.
4.1 TESTING DIFFERENT TYPES OF ION EXCHANGE MATERIAL
The ability of a variety of ion exchange materials to remove 5 mg dm·3of each heavy
metal (Zn, Cu, Pb, Cd) from a mixed solution by shaking together for 10 minutes was
tested. The heavy metal concentration used is higher than found in motorway
stormwater (which is typically in the Jlg drn? range) but allows for analysis by atomic
absorption spectrometry (MS) and a comparison between the different materials
tested. For the ion exchange material to work in a storrnwater treatment facility it is
necessary for it to remove heavy metals within a short contact time, samples were
therefore shaken for only 10 minutes. Comparison of the heavy metal removal
efficiency of the different ion exchange materials, under these experimental
conditions, will establish which type of material to investigate further for this
application.
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4.1.1 Ion Exchange Materials Tested
The types of ion exchange material tested were zeolites, clay/modified clay,
hydrotalcite and lignite. Zeolites have high ion exchange capacities and an affinity for
heavy metals; pillared clays have been recommended for use in a saline
environment; hydrotalcite could remove pollutant anions from motorway stormwater
and possibly heavy metals; and lignite could remove organic species in addition to
heavy metals (Section 2.2). The characterisation information for each ion exchange
material tested is detailed in this section (Table 4.1).
Table 4.1- Ion exchange materials tested and properties
Type Description Code Supplier Particle size him)
Zeolites Naform MAP MAP Ineos Silicas 2.7
NalH form Y Y Ineos Silicas 5.0·
Clinoptilolite Clino. IKO 23.6·
Clays Montmorillonite Clay IKO 15.6
FeAl12 pillared PILC Prepared by D.
montmorillonite, Driscoll
calcined 450°C
Hydrotalcite Ineos (HS) Ineos Silicas 14.2·
Reheis (HR) Reheis 11.5·
Lignite 125 - 250 WBB Devon 125 - 250
250- 850 Clays 250-850
850 -1400 850 -1400
modal value from particle size analYSIS(Section 2.3.3)
X-ray diffraction pattems were obtained for the crystalline materials - zeolites, clay
and hydrotalcite. The main peaks obtained were referenced to the 'powder diffraction
file' database to confirm the identity of the materials. XRD patterns and XRF data is
contained in Appendix B and the experimental details are listed in Section 2.3.
Zeolites
Two synthetic zeolites were chosen - MAP because of its high ion exchange capacity
and Y as it contains exchangeable protons (not releasing excess of sodium ions).
Clinoptilolite was selected as it is the most commonly studied zeolite for heavy metal
removal and comparisons can be made between natural and synthetic zeolites.
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MAP is a synthetic zeolite with a 'P' type framework consisting of a series of two
interlocking channels without cages or cavities. The synthesis conditions are
optimised to obtain a Si/AI ratio of 1, giving the highest possible negative charge on
the framework and hence the maximum theoretical ion exchange capacity. It
contains only exchangeable sodium ions.
Zeolite Y is a synthetic zeolite with a structure of the faujasite type. It is in the
hydrogen and sodium fonn, prepared from NaY ion exchanged with ammonium
sulphate to give NH4Y, then calcined under steam to yield the hydrogen form
(INEOS Silicas, 2002). This last process causes alumina migration from the zeolite
structure, while silica is forced to migrate into the vacancies left in the framework.
This results in a mixture of around 11% amorphous alumina and 89% zeolite. The
silica rich framework of the zeolite (Si/AI ratio of 3) indicates there wilf be less cations
present and therefore a lower ion exchange capacity.
Clinoptilolite is an abundant natural zeolite; in this study the material used originates
from Greece. The certificate of analysis from the supplier showed the composition is
80% clinoptilolite, 10% montmorillonite and 5% fieldspar. The XRF data (Appendix
B) showed a Si/AI ratio of 5 and it contains Ca, K, Mg and Na as exchangeable
cations (in order of abundance).
Clays
The white montmorillonite used is a smectite group, 2:1 layer type clay. D. Driscoll
prepared the pillared clay. It was produced by exchanging the interlayer cations of
the clay for the large Keggin pillaring species [FeAI1204(OHh4(H20)1217+,followed by
calcination at 450°C to stabilise the pillars. An iron/aluminium-pilfared clay was
chosen as the presence of iron in the oxide pillars has been found to enhance the
heavy metal uptake (Cooper et al. 2002). The XRD pattern of the pillared clay (PILC)
shows a shift of the doo peak to a lower 2 theta, characteristic of the increased
interlayer spacing relative to the parent clay (Appendix B).
Hydrotalcite
Hydrotalcite produced from two manufacturers, with slightly different compositions,
were tested. The general fonnula of hydrotalcite is [Mg1-x At, (OH)21[C03 (xJ2) .nH20].
The hydrotalcite from INEOS Silicas contained a ratio of 0.75 Mg to 0.25 AI. It was
supplied as slurry and dried before use. The Reheis hydrotalcite was in a powder
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form and consisted of 0.7 Mg to 0.3 AI, giving it a slightly higher anion exchange
capacity owing to the higher level of aluminium substitution on Mg sites.
Lignite
The lignite material used was from WBB Devon Clays and is a waste product from
ball clay mining. Carbon analysis and thermogravimetry showed it contained
approximately 37% carbon and 18% water. The material was sieved to create
different size fractions (Table 4.1) in order to compare the effect of surface area on
heavy metal removal.
4.1.2 Experimental of Initial Tests
The standard shaking procedure was carried out as detailed in Section 2.4. Doubly
de-ionised water (blank) and a mixed solution of 5 mg dm? of each heavy metal (Zn,
Cu, Pb, Cd) were used. For the clay samples the test was repeated with 5 mg dm-3
mixed heavy metal solutions containing 200 mg drn? and 400 mg dm-3 sodium
(chloride) to test the proposition that the pillared clay works more effectively in saline
conditions. Although levels of sodium found in motorway stormwater can be higher
than this, previous experiments have shown that suppression of the Cu and Cd
signal on the AAS instrument occurs at levels of 500 mg dm-3sodium (Section 3.1.2).
It is important to control the pH in ion exchange experiments as heavy metals can
precipitate out of solution at an alkaline pH, leading to errors in calculating the
amount of ion exchange that has occurred. Some ion exchange materials can induce
a rise in solution pH and a common method used is therefore to acidify the original
solution so that the pH does not increase to levels where precipitation will be a
competing removal mechanism (Ali and EI-Bishtawi, 1997). However, acidity can be
detrimental to the structure of the ion exchange material and a compromise is
needed. In this case, all solutions were adjusted to a pH of 5 (using 0.1 mol drn?
nitric acid and 0.5 mol drn? aqueous ammonia) in an attempt to reduce precipitation.
The pH of solution after contact with the ion exchange materials was recorded. All
samples were run in duplicate and the results presented as the mean value.
Analysis
The solutions were analysed by AAS (following the procedure detailed in Section
3.1.2) for the following elements:
• heavy metals - Zn, Cu, Pb and Cd to assess the removal efficiencies for
each m~erial and ensure no heavy metals leach from the material;
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• alkali/alkaline-earth metals - Na, Ca and Mg for evidence of an ion
exchange reaction and leaching from the materials;
• Fe to ensure that the pillars in the clay are stable.
It was not possible to analyse for Si and AI by AAS to ensure the zeolite structure
was stable (a nitrous oxide flame is required for AAS analysis of these elements).
XRD patterns were obtained of the zeolite, clay and hydrotalcite samples after
contact with the heavy metal solutions to ensure the structure had not been
significantly affected.
4.1.3 Results of Initial Tests
Heavy Metal Removal
The results are expressed as the percentage of heavy metal removed from solution
by a particular ion exchanqe material. This was calculated using equation 4.1 where
Co is the starting concentration of the heavy metal (mg dm") and C1 is the
concentration after contact with the ion exchange material (mg drn"). The mean of
duplicate results is presented:
[(CO-C1) / Co]x 100 = % heavy metal removal efficiency (4.1)
The heavy metal removal efficiency for different ion exchange materials is compared
in Table 4.2. This provides an indication of which materials are most suitable in
terms of their capability to remove heavy metals from solution, under the set
experimental conditions.
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Table 4.2 - Comparison of the heavy metal removal efficiency (%) for different ion
exchange materials
Removal efficiency (%)
Material Zn Cu Pb Cd
Zeolites MAP 100 100 100 95 ± 1
y 100 100 100 100
Clino 71 ± 1 95 ± 1 100 71 ± o'
Clays Clay 95 ± 1 94 ±2 88 ± 1 94 ± 1
PILC 7±1 13 ± 1 32 ± 15 6 ± O·
Hydrotalcite Ineos 100 100 97± 1 97 ± O·
Reheis 100 100 100 96 ± O·
Lignite 125- 250 77 ± 1 95 ±O 100 86 ±o
250-850 43 ± 1 64 ± 1 80±4 48 ± 1
850-1400 22±2 34 ±3 43±7 25 ± 3
o _ .'"100 ~ - concentratron of heavy metal reduced below analytical detection limit « 0.1 mg dm )
mean ± standard deviation (n = 2) O·= standard deviation < 1
The synthetic zeolites (MAP and Y) and hydrotalcites (Ineos and Reheis) performed
very well, achieving almost complete removal of all heavy metals (concentration
below analytical detection limit). Clinoptilofite showed good removal for copper and
lead (95, 100%), but was not so effective for cadmium and zinc (71%). Table 4.2
shows that the clay has good removal capabilities, much better than the pillared
version (PILe).
The removal efficiencies of the lignite samples vary depending on the particle size,
as shown in Figure 4.1. The smallest (125-250 urn) performs the best. However, it
should be noted that owing to problems with separating the material from solution
the centrifugation time was increased (to approximately 20 min) and consequently a
longer contact time was experienced, which may have allowed for more heavy
metals to be removed,
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Figure 4.1- Variation of heavy metal removal efficiency (%) with size of lignite (urn)
mean ± standard deviation (n = 2)
Selectivity for Heavy Metals
The heavy metal removal efficiencies also provide an indication of how selective the
material is for each heavy metal, i.e. those having the highest removal efficiency (%)
will be preferred. The selectivity series were:
Clinoptilolite: Pb > Cu > Zn - Cd
Clay: Zn > Cu - Cd > Pb
Pillared Clay: Pb > Cu > Zn - Cd
Lignite: Pb > Cu > Cd > Zn
No trend can be determined for the synthetic zeolite or hydrotalcite as all heavy
metals were removed to around 100%.
The experimental conditions (e.g. types and concentration of cations in solution) and
source of the zeolite can influence the observed selectivity, therefore there is some
variation in the reported order of cations preferentially taken up by clinoptilolite.
However, it is consistently found that clinoptilolite preferentially removes lead ions
from solution, which is in agreement with results from this study (Blanchard et al.,
1984; Maliou et al., 1992; Zamzow and Schultze, 1995; Stead, 2002). One
explanation for this is the lower free energy of hydration for lead. Partial stripping of
the hydration shells of an ion is required for them to enter the zeolite framework, and
this happens more readily with lead ions (Yuan et al., 1999).
Clays and modified clays also have a strong affinity for lead, which is attributed to its
free energy of hydration (Cooper et aI., 2002). The results in this work are unusual in
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that the clay shows the lowest removal efficiency for lead and the selectivity series is
different to the pillared clay. Cooper et al. (2002) found heavy metal uptake for a
montmorillonite and a polymeric Fe/AI-modified version in the order of Pb > Cu > Cd
- Zn, which is in agreement to the selectivity series presented in this study.
The selectivity series for lignite is consistent for all particle sizes. EI-Shafey et al.
(2002) tested a carbon based sorbent for heavy metal uptake and found the greatest
amount of metal sorbed was Cu > Zn > Pb. The material may have removed the
metals by a different process than the lignite tested here.
Heavy Metal Removal Mechanism
It is also necessary to determine how the heavy metals have been removed from
solution. The pH and presence of exchangeable cations (alkali/alkaline-earth metals)
in solution after contact with the ion exchange material provides information on the
removal mechanism.
The pH depends on the proton concentration of a solution; therefore an increase or
decrease in pH indicates how proton ions in solution are taking part in the exchange
reaction. The change in pH has important implications in determining how the heavy
metals have been removed from solution. Heavy metals tend to become insoluble at
an alkaline solution pH and therefore a pH increase suggests a precipitation reaction
in addition to, or instead of, the desired ion exchange process. The measured pH
values of solution after contact with the various ion exchange materials are
presented in Table 4.3.
It is common with zeolites to observe a large pH increase on contact with solution,
due to the combination of the following processes:
2H20 B H30+ + OH-
Zeolite-Na+ + H30+(soln) ~ Zeolite-H30+ + Na+(soln)
This hydronium ion exchange reaction is clearly occurring with zeolite MAP, but
zeolite Y has a lower effect on the pH. This zeolite also contains protons so their
exchange from the zeolite could explain the more acidic pH observed in the heavy
metal solution. Zeolites with a low SilAI ratio, such as MAP, are less acidic in nature
and have more active sites available for hydronium ions, and consequently a greater
increase in solution pH is observed (Leinonen and Lehto, 2001). Natural zeolites do
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not have such a dramatic effect on pH due to their lower exchange capacity, and this
can be seen in Table 4.3 for clinoptilolite.
Table 4.3 - Effect of ion exchange materials on solution pH (initial pH = 5)
solution pH after contact
Material Blank Heavy metal solution
Zeolites MAP 9.7 9.6
Y 7.5 6.5
Clino 7.2 6.3
Clays Clay 6.8 5.7
PILC 4.2 4.0
Hydrotalcite Ineos 8.4 8.6
Reheis 7.3 7.6
Lignite 125-250 5.0 4.3
250-850 4.8 4.2
850-1400 5.0 4.7
A slight pH increase is observed with the clay but the iron/alumina pillars appear to
make the pillared clay (PILC) more acidic, as the solution pH decreases.
A pH increase is observed on contact of solutions with hydrotalcite. This was also
found in batch experiments testing Zn2+ removal efficiency by Lehmann et al. (1999),
and is due to the col and OH- anionic groups within hydrotalcite acting as proton
acceptors.
Lignite does not have a dramatic effect on the pH of the blank solution, but the heavy
metal solution becomes more acidic. This is associated with the removal process i.e.
protons exchange into solution from exchange sites and are replaced with heavy
metals. The removal of cadmium ions by a carbon-based sorbent was assigned to
the exchange of protons from surface functional groups by EI-Shafey et al. (2002).
An experiment was conducted to evaluate the affect of solution pH on heavy metal
levels and thereby ascertain if precipitation is a possible removal mechanism. A
solution of 5 mg dm? of each heavy metal (Zn, Cu, Pb and Cd) was adjusted to pH
4, 5, 6, 7, 8, 9, 1Q, 11 using 0.1 mol drn? nitric acid and 0.5 mol dm? aqueous
ammonia. The determined concentrations, by AAS, are shown in Figure 4.2.
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Figure 4.2 - Variation of heavy metal concentration (mg dm") with pH
Figure 4.2 shows that at a solution pH of 6 all of the heavy metals decrease in
solubility, especially lead, and at pH 10 all of the heavy metals are mostly insoluble.
According to the solubility curves for metal hydroxides copper, lead and zinc are
most insoluble at pH 9 and cadmium at pH 11 (Conner, 1990). This indicates that it
is possible for the heavy metals to precipitate out of solution in the alkaline
conditions created by contact with the synthetic zeolites and hydrotalcite.
However, if elevated levels of alkali/alkaline-earth metals are detected in the heavy
metal solution relative to the blank, this suggests that some ion exchange has
occurred.
Table 4.4 - Release of alkali/alkaline-earth metals (mg drn') from zeolites
Na Ca Mg
Zeolite Blank HM soln Blank HM soln Blank HM soln
MAP 51.7 ±0.5 64.0 ± 0 nd nd nd nd
y 19.2 ± 0.4 35.2 ± 0.1 nd nd nd nd
Clino 2.9±0
.
6.7 ± 0.1 nd 7.6 ± 0.1 nd 1.0 ± 0.1
- -_',nd - not detected « 0.1 mg dm )
mean ± standard deviation (n = 2) O' = standard deviation < 0.1
Table 4.4 shows that some heavy metals exchange with alkali/alkaline-earth metals
from the zeolites. In the case of the synthetic zeolite samples, there are substantial
amounts of sodium in the blank solution confirming an exchange between sodium
ions in the zeolite and hydronium ions in solution. Elevated concentrations of sodium
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are detected in the heavy metal solutions, verifying that ion exchange with the heavy
metals in solution has also occurred.
Zeolite MAP releases much higher levels of sodium as it has a higher exchange
capacity and it contains only sodium ions, whereas zeolite Y also contains
exchangeable hydrogen ions. However, the difference between the sodium
concentration of the heavy metal solution and the blank is greater with zeolite Y
(16.0 compared to 12.3 mg drn"). This could indicate a higher amount of heavy
metals are removed, but this was not possible to ascertain at the low level tested (5
mg drn"), It is unlikely that this is the case as zeolite MAP has a higher aluminium
content (hence greater theoretical ion exchange capacity). Another explanation is
that the level of hydronium exchange by zeolite MAP is lower when heavy metals are
present in solution.
The natural zeolite, clinoptilolite contains exchangeable sodium, calcium and
magnesium ions and appears to be releasing sodium and calcium ions, but only low
levels of magnesium. The type and quantity of cations within a zeolite exchange with
heavy metal ions in solution to varying extents. Zamzow et al. (1990) converted
samples of clinoptilolite to homo-ionic forms of various alkali/alkaline-earth cations
and found the sodium form removed higher quantities of heavy metal ions from
solution, followed by potassium, calcium, and then magnesium. Bremner and
Schultze (1995) tested different sources of clinoptilolite and the greatest heavy metal
uptake was found with the material having the greatest sodium content.
The levels of exchangeable ions in solution are lower with the natural zeolite
clinoptilolite, owing to the lower ion exchange capacity. This is consistent with the
lower heavy metal removal efficiency and lesser increase in pH observed.
Table 4.5 - Release of alkali/alkaline-earth metals (mg dm-3) from clays
Na Ca Mg
Clays Blank HM soln Blank HM soln Blank HM soln
Clay 44.0±0.1 51.8 ± 0.6 nd nd 2.7 ±O 2.0 ± 0.2. .
PILC 8.3 ± 0.1 9.7 ±O nd nd nd 0.5±O
- 'J,nd not detected « 0.1 mg dm )
mean ± standard deviation (n = 2) O·= standard deviation < 0.1
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The clay samples also released quite large amounts of sodium, in the blank and
heavy metal solutions (Table 4.5). The higher levels in the heavy metal solution
indicate the removal mechanism is probably an ion exchange process. The pillared
clay (PILe) releases much lower levels of sodium than the parent clay, indicating the
exchange capacity is reduced as a result of the pillaring process. Some magnesium
is also leached into solution by the clay and modified clay, but it is not clear if this is
through ion exchange or layer disruption.
Table 4.6 - Release of alkali/alkaline-earth metals (mg dm") from hydrotalcite
Na Ca Mg
Hydrotalcite Blank HMsoln Blank HMsoln Blank HMsoln
Ineos 64.2 ± 0.8 64.3 ±O.B nd nd 55.B ± 2.7 59.5 ± 2.7
Reheis 2.5 ±0.3 2.6 t 0.1 nd nd 17.9t 0.2 22.0 ±O.S
-.;j, -nd = notdetected« 0.1mgdm ) mean± standarddeviation(n 2)
Sodium is leached into solution from both hydrotalcite samples, although much
greater levels with the Ineos type (Table 4.6). There are no significant differences in
the concentration of sodium released into the heavy metal and blank solutions, which
suggests that sodium is not involved in the removal mechanism. It is likely to be
residual sodium from the procedure used to prepare hydrotalcite (involves the use of
high concentration sodium hydroxide/carbonate). Subsequent experiments found a
Buchner washing procedure of the hydrotalcite could reduce the sodium leached to
levels of around 0.3 mg dm-3.
The most important finding was that the concentration of magnesium is higher (by
around 4 mg dm") in the heavy metal solutions compared to the blank. This could
indicate exchange of heavy metals in solution for magnesium in the hydrotalcite
structure by the substitution mechanism proposed by Komareni et al. (1998). Again,
higher levels are measured for the Ineos material, possibly due to the particular
composition/properties of the sample (contains Slightly greater proportion of
magnesium). Alternatively, the magnesium leached could arise from the partial
dissolution of the structure.
- 100-
Sarah Pitcher INITIAL HEAVY METAL REMOVAL TESTS
Table 4.7 - Release of alkali/alkaline-earth metals (mg dm-3) from lignite
Na Ca Mg
Lignite Blank HM soln Blank HM soln Blank HM soln
125-250 3.3 ± 0.2 4.5 ±0.3 6.1 ± 0.5 11.5 ± 0.4 2.0 ± 0.4 3.6 ± 0.1
250-850 0.9±0
.
0.9±0
. .
2.6 ± 0.1 5.1 ± 0 1.2 ± 0.1 2.4 ± 0.1
850-1400 0.7 ±O
. . .
0.7 ±O 1.9 ± 0.2 3.2 ± 0.1 0.8 ±O 1.2 ± 0.1
mean ± standard deviation (n = 2) o = standard deviation < 0.1
The lignite samples release low amounts of sodium, calcium and magnesium (Table
4.7). The level released appears to be related to size; with the smallest fraction
(125-250 urn) releasing the most. The alkali/alkaline-earth cations could be
associated with carboxylate groups on the surface of the material. As the surface
area is larger with the small size fraction, it contains the greater quantity of easily
exchangeable ions. The removal mechanism appears to be ion exchange as there
are higher levels in the heavy metal solution than the blank. These results are
consistent with the heavy metal removal trends. Calcium appears to be the most
exchangeable ion.
Heavy Metal Removal by Clays with Salt Present
It was suggested by Matthes et al. (1999) that the presence of high electrolyte
concentrations, such as sodium chloride, might inhibit the exchange of heavy metals
by clays. The excess alkali/alkaline-earth metals compete for exchange sites with
the heavy metals. The use of hydroxy-intercalated or pillared clays was suggested
as an alternative because the metal oxide pillars should provide a hydroxylated
surface for the heavy metal ions to sorb on to, providing an alternate removal
mechanism to ion exchange. In this work only the calcined pillared clay was tested,
as it is more stable and the metals within the pillars will not be leached out.
The experiments conducted in this study found that heavy metal removal efficiencies
were lower for the pillared clay than the parent clay and the removal mechanism was
predominantly an ion exchange process. To determine the affect of salt on the heavy
metal uptake of the clay and pillared clay, the experiment was repeated with sodium
chloride present at ~OOand 400 mg dm-3 Na.
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Figure 4.3 - Heavy metal removal (%) for the clay with sodium present (mg dm')
mean ± standard deviation (n = 2)
Figure 4.3 shows that the heavy metal removal (%) by the clay appears to increase
with 200 mg drn? of sodium present, but then decreases slightly (with the exception
of lead) when the concentration is increased to 400 mg dm", The amount of zinc and
cadmium ions removed is significantly reduced at this higher sodium concentration.
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Figure 4.4 - Heavy metal removal (%) for pillared clay with sodium present (mg drn")
mean ± standard deviation (n = 2)
The heavy metals behave differently towards the added sodium ions with the pillared
clay (Figure 4.4). The removal efficiency for copper and lead improves with 200 mg
drn? of added sodium, but then decreases with 400 mg drn". The amount of zinc
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and cadmium (also least favoured in selectivity series) removed is reduced even at
200 mg dm-3 of added sodium.
Matthes et al. (1999) found that the uptake of zinc ions by an AI-pillared clay was not
significantly affected in a high electrolyte concentration solution, whereas a change
was observed for copper and cadmium. The heavy metal uptake by the parent clay
was also reduced further in the presence of electrolyte than the pillared version. This
does not appear to be the case with the results presented here. The additional
sodium ions competing for exchange sites have affected the heavy metal removal
efficiency of the clay and the pillared clay, particularly for cadmium and zinc. There is
no indication of heavy metal sorption occurring in the pillared clay, although the
sorption sites are pH-dependent and the solution conditions in this experiment (pH 5)
may not have been suitable for this mechanism.
An interesting effect of the presence of sodium is that the selectivity of the clay for
each heavy metal changes to the same trend as the pillared clay, Pb > Cu > Zn >
Cd. Figure 4.3 and 4.4 also highlight that the pillared clay has stronger preferences
among the various heavy metals (lead removal is much greater), whereas with the
parent clay the removals are quite similar for all heavy metals.
Heavy Metals Leached from Ion Exchange Materials
The purpose of using an ion exchange material in a motorway stormwater treatment
system is to reduce the heavy metal levels, and so it is obviously desirable that no
metal impurities that may be present are leached into solution. Analysis of the blank
solutions (doubly de-ionised water) after contact with each ion exchange material
revealed that no heavy metals (Zn, Cu, Pb, Cd) were leached into solution (above a
detection level of 0.1 mg dm-3).
Another concem was that the iron associated with the aluminiumliron-pillared clay
might be leached out, but it appears that it is firmly bound, as no traces of iron were
found in the solution « 0.1 mg dm"). However, traces of iron were found in the
solutions that had been in contact with the original clay (0.2 -10 mg dm-3).
Materia/Integrity
The XRD patterns of the ion exchange materials after contact with the heavy metal
solutions showed 110 appreciable change relative to those taken prior to exchange
- 103-
Sarah Pitcher INITIAL HEAVY METAL REMOVAL TESTS
(Appendix 8). It can therefore be assumed that there is no significant change to their
framework structure.
4.1.4 Discussion of Initial Tests
Synthetic Zeolites
The synthetic zeolites were highly effective at reducing concentrations of zinc,
copper, lead and cadmium in a mixed solution after a shaking period of only ten
minutes. It is possible that some surface precipitation may also be responsible for
the removal of some heavy metals with zeolite MAP, as a large pH increase was
noted. This has previously found to be the case with synthetic zeolites (Dewhirst,
1997). However, there is evidence for ion exchange occurring from the higher levels
of sodium found in the heavy metal solution compared to the blank. No selectivity
series could be determined as all heavy metals showed almost 100% removal (at
this level of 5 mg dm").
Natural Zeolites
The natural zeolite clinoptilolite was not as efficient at removing all heavy metals as
the synthetic zeolites (84% of total heavy metals compared to - 100%). A selectivity
sequence of Pb > Cu > Cd - Zn was exhibited. This is similar to selectivity series
presented for the zeolite in the literature (Blanchard et al., 1984; Zamzow and
Schultze, 1995). The lower removal compared to the synthetic zeolites can be
assigned to the lower ion exchange capacity and the lower amount of exchangeable
sodium ions.
Natural zeolites are generally not found to be as efficient at removing heavy metals
from solution as synthetic types (Pinheiro, 1998; Leinonen and Lehto, 2001).
Comparison of actual exchange capacities of natural zeolites with theoretical values
indicates that only around half of the potential exchange sites are used (MaJiou et aI.,
1994). This could partly be explained by the presence of cations, such as calcium
and magnesium, which are not readily exchangeable from the zeolite (Ali and EI-
Bishtawi, 1997).
Another problem with the use of natural zeolites is the mineral impurities present in
the deposit. reducing the exchange eapacity per unit mass of material and providing
inconsistent performance. In some eases however, the other minerals associated
with clinoptilolite (e.g. quartz and calcite) can provide surface adsorption sites for
heavy metals (Curkovic et al., 1997).
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Clays and Pillared Clays
The clay sample was quite effective at removing all heavy metals with percentage
removals varying from 88 to 95%. The selectivity series found was Zn > Cu > Cd >
Pb. The pillared clay was not as effective for heavy metal removal with efficiencies
varying from 6 to 32 % (a much larger range). The selectivity series was different
from the parent day, Pb > Cu > Zn > Cd. It appears that the presence of pillars
changes the interlayer chemistry such that different heavy metals are preferentially
removed. There was evidence of an ion exchange removal mechanism by the
sodium levels found in the heavy metal solution (relative to the blank). The
concentration of sodium in solution was higher in the case of the clay, as the extent
of heavy metal removal was greater.
Cooper et al. (2002) tested the heavy metal uptake of a montmorillonite and
polymeric Fe/AI-modified version and found greater uptake with the modified clay.
However, the pillared clay used had not been calcined and contained the bulky
polymeric metal hydroxy species, which may have been able to sorb the heavy
metals. Calcination does remove some hydroxy surfaces available for heavy metal
sorption, but it stabilises the pillars and avoids the potential problem of exchanging
aluminium and iron into the environment.
The presence of sodium chloride in the heavy metal solution changed the amounts
of heavy metal removed from solution for the clay and pillared clay. In general, the
levels of heavy metals appeared to be reduced further for the clay with added
sodium in solutions but poorer removal efficiencies were found with the pillared clay.
This is the opposite of the predictions of Matthes et al. (1999).
Hydrotalcite
Although an anion exchanger, hydrotalcite removed almost all of the heavy metals
present in the test solution, but it is not immediately clear by what mechanism. The
increase in solution pH observed could indicate a surface precipitation reaction.
Alternatively, the slightly higher levels of magnesium released into the heavy metal
solution compared to the blank suggest substitution within the structure is possible.
Heavy metal removal by hydrotalcite or similar layered double hydroxide compounds
has been reported in the literature, with evidence presented for both proposed
removal mechanisms (Komareni et al., 1998; Lehman et al., 1999).
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Lignite
The use of lignite to remove heavy metals from solution is dependent on the particle
size used. The smallest size tested (125-250 um) showed good removal efficiencies,
77 - 100 %. However, the sample was hard to separate from solution (leading to a
longer contact time) and was not easy to use. Selectivity was the same for each size
fraction with, Pb > Cu > Cd > Zn. Some sodium, calcium and magnesium were
leached with higher levels found in the heavy metal solution compared to the blank,
suggesting that there may be an exchange mechanism involved in the heavy metal
removal process. It is likely to be associated with functional groups on the surface of
the material, as the smallest particles (with highest surface area) were capable of
removing higher levels of heavy metals. This is a common observation with brown
coal type materials such as lignite (Murakami et al., 1995).
4.1.5 Conclusions of Initial Tests
Comparison of the different types of ion exchange material has shown synthetic
zeolites and hydrotalcite have the best heavy metal removal efficiencies under the
test conditions. The pillared clay did not show enhanced heavy metal uptake in a
saline environment and consequently this type of material was not considered further
within this study. Lignite is capable of reducing the heavy metal concentration to
some extent, which would be an additional advantage to its application in removing
organic components from stormwater. The synthetic zeolites and hydrotalcites are
investigated further in following sections.
4.2 REMOVAL MECHANISM FOR HYDROTALCITE
Hydrotalcite consists of aluminium/magnesium hydroxide layers containing
exchangeable carbonate anions. Results from Section 4.1 indicated good heavy
metal cation removal efficiencies. Hydrotalcite has been widely used to remove
anionic metal species (e.g. chromate and arsenate) from solution (Manju et al., 1999;
Fleming, 2000). There is also some indication in the literature of heavy metal cation
removal (e.g. Zn2+), although the process involved is not fully understood (Komareni
et al., 1998; Lehman et al., 1999).
Lehman et al. (1999) found good removal of Zn2+ ions from solution and assigned
the removal mechanism to sorption onto the mineral surface. Hydrotalcite induces an
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alkaline solution pH, resulting in the precipitation of the heavy metal. A reference test
(with no sorbent material> indicated that precipitation of zinc was significant at pH > 7
and a speciation calculation also confirmed zinc hydroxide species were dominant
above pH 8.
It was suggested by Komareni et al. (1998) that it was possible to exchange heavy
metals, such as Cu2+ and Zn2+, with Mg2+ from the structure of hydrotalcite. This was
thought to be due to their similar ionic radii and ease of access through the layers.
Close to stoichiometric amounts of magnesium were released into solution as heavy
metals were removed, although no blank experiment was carried out. The pH of
solution did not increase above 5 - 7, depending on the metal, and precipitation was
therefore disregarded.
The results from heavy metal removal tests in Section 4.1 showed a pH increase to
around 9 and slightly higher levels of magnesium leached into the heavy metal
solution relative to the blank. A series of experiments were conducted with
hydrotalcite to investigate the mechanism by which the heavy metal cations are
removed from solution.
4.2.1 Influence of Solution pH on Mg Leached
The leaching of magnesium into solution on contact with hydrotalcite could be a
result of the acidic pH partially dissolving the structure as opposed to an indication of
a substitution reaction with the heavy metals. To help darify the removal mechanism
a pH-controlled experiment was conducted to determine if there was a relationship
between the amount of magnesium released into solution (blank and mixed heavy
metal>and the initial pH of solution.
Experimental
The standard shaking experimental procedure was followed (Section 2.4) using
blank and mixed heavy metal (5 mg dm-3 of each Zn, Cu, Pb and Cd) solutions
adjusted to pH 5, 6, 7 and 8 using 0.1 mol dm? nitric acid and 0.5 mol drn? aqueous
ammonia. Both typ,s of hydrotalcite were tested (Ineos - HS and Reheis - HR). The
pH values of the re.ulting solutions were recorded and all samples were analysed by
AAS for their heavy metal, sodium and magnesium content.
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Results
The pH increase in solution that occurs on contact with hydrotalcite appears to be
independent of the original pH of solution (final values around pH 9). Both
hydrotalcite samples removed all heavy metals below the detection limit (0.1 mg
dm") for each solution pH. The amount of 2 sodium released was not related to the
initial pH or whether heavy metals were present in solution. Experimental data are
detailed in Appendix C.
The concentration of magnesium released into solution with varying initial pH levels
are presented in Figures 4.5 and 4.6 for both types of hydrotalcite.---d• Blank
• Heavymetal soln.
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Figure 4.5 - Mg (mg dm") in pH adjusted blank and heavy metal solutions after
contact with Reheis hydrotalcite
mean ± standard deviation (n = 2)
The levels of magnesium are slightly higher in the heavy metal solution than the
blank (between 0.2 and 1.8 mg drn") for the Reheis hydrotalcite (HR). Figure 4.5
also shows that the difference appears to be greater at a lower pH. However, the
magnesium concentration in solution after contact with the Ineos hydrotalcite were
quite variable (Figure 4.6). The concentration of magnesium leached is greater for
the Ineos hydrotalcite (HS). This does not appear to be a result of the particle size
(HS - 14.2 J-Lm;HP(- 11.5 J-Lm),but HS does have a slightly higher proportion of
magnesium in the structure (75% Mg compared to 73% for HR)_
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Figure 4.6 - Mg (mg dm") in pH adjusted blank and heavy metal solutions after
contact with Ineos hydrotalcite
mean ± standard deviation (n = 2)
There is no obvious trend linking the amount of magnesium released and the pH of
solution. The results indicate that heavy metal substitution with magnesium from
hydrotalcite is not occurring to a significant extent, if at all.
4.2.2 Precipitation Reaction Test
If the removal mechanism were simply a result of heavy metal precipitation onto the
surface of the material, the same effect would be observed with any material that
increased the pH of solution. This was examined using magnesium oxide.
Experimental
The standard shaking experiment procedure was followed (Section 2.4) using
magnesium oxide in place of hydrotalcite and both solutions were adjusted to a
neutral pH of 7.
Results
The solution pH increased to around 10 (slightly higher than with hydrotalcite) and no
heavy metals were detected in solution after contact with magnesium oxide. This
suggests that the removal mechanism is likely to be surface precipitation.
4.2.3 Thermogravimetric Investigation
The purpose of this experiment was to test if exchange is possible between the
heavy metals in solution and the magnesium in the structure of hydrotalcite. In
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addition, if substitution is occurring, to find out to what extent and whether there is a
relationship to the magnitude of ionic radii as proposed by Komareni et al. (1998).
For example, the effective ionic radius (6 co-ordinate) of copper (73 pm) is closer to
that of magnesium (72 pm) than lead (118 pm), and so it is more feasible that a
substitution mechanism is possible with copper ions.
Experimental
Samples of Ineos (HS) and Reheis (HR) hydrotalcite were shaken with concentrated
single heavy metal solutions (the quantity equivalent to the magnesium content of
the hydrotalcite) for a certain period of time. Initially copper and lead were tested to
compare the effects of different ionic radii, with a shaking time of one hour.
Secondly, in order to test if the amount of substitution could be raised with a longer
contact time a zinc solution was used and shaken with hydrotalcite samples for 15
hours. The samples were then Buchner washed with doubly de-ionised water (500
cm3) and dried in an oven at 40°C.
Thermogravimetry (TG) was used to ascertain whether substitution had occurred.
Replacing magnesium (atomic mass 24.31) with heavier metal atoms (Cu, 63.55; Pb,
207.19; Zn 65.38) would result in a greater residual mass after calcination and from
the data it is also possible to then quantify the level of substitution.
Initially samples of hydrotalcite (20-30 mg) were heated from 30 - 900°C at a rate of
5 °C per minute to gain a typical TG profile. This profile showed several weight loss
steps and so a second run was carried out from 30 - 500°C with the temperature
held at the points where the weight losses occurred (90, 130, 250 and 460 GC) until
the mass was constant, in order to produce a clearer thermogram.
Results
All hydrotalcite materials exhibited similar thermal behaviour. The thermogram for
Ineos hydrotalcite is shown in Figure 4.7. Three major mass losses are shown,
corresponding to the dehydration of interlayer water (130 GC) and loss of hydroxyl
groups as H20 and carbonate anions as CO2 (250 to 460 GC).
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Figure 4.7 - Thermogram of Ineos hydrotalcite showing regions of major mass loss
According to Cavani et al. (1991) the thermal behaviour of hydrotalcite-type layered
double hydroxides (LDH) are characterised by two transitions:
1) loss of interlayer water, without collapse of the structure, at low temperature;
2) loss of hydroxyl groups and interlayer anions at a higher temperature.
Other reports of thermal analysis on various types of LDH compounds have also
observed these two transitions (Shin et al., 1996; Rives and Kannan, 2000).
However, in this case the second decomposition step is in two stages, this being due
to a slower heating rate.
Thermal analysis results from the literature for LDH compounds synthesised with
heavy metals show different results from the Mg-AI type. Rives and Kannan (1999)
observed that the thermogravimetric curves of LDH compounds containing copper
and aluminium ions showed a continuous weight loss with an additional loss at
around 600°C. A similar continuous weight loss was noted by Puttaswamy and
Kamath (1997) in the case of a Zn-AI LDH. Therefore, the fact that the
thermogravimetric curves for all hydrotalcite samples in this study were very similar
implies a lack of substitution.
It is possible to calculate how much, if any, substitution has taken place by the
following method.
e.g. HR/Cu if there is partial substitution of the copper the formulae will be:
Mg 0.7-eCU eAI 0.3 (OHh (C03) 0.15 x ~ Mg 0.7-eCU eAI 0.3 0 1.15 Z (4.2)
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where x is hydrotalcite - interlayer water and z is the final decomposition product.
The relative formula mass (RFM) of each decomposition product is related to the
percentage mass left at stages x and z:
(RFM x) I (RFM z) = x I z (4.3)
RFM x = (0.7-a)24.31 + 63.55a + 0.3(26.98) + 2 (17) + 0.15(60) (4.4)
RFM z = (0.7-a)24.31 + 63.55a + 0.3(26.98) + 1.15(16) (4.5)
By suitable mathematical manipulation the value of a (the substitution level) can be
determined. The results are presented in Table 4.8.
Table 4.8- Amount of heavy metal substitution a into hydrotalcite (HR and HS)
HRlCu HS/Cu HRlPb HS/Pb HRlZn HSlZn
0 0 0.01 0.02 0 0.05
Within the errors of the calculations, the only significant substitution of magnesium
appears to be by zinc in H5 (Ineos), although this only represents around 7% of the
total magnesium within that hydrotalcite sample. No trend with ionic radii could be
established and increasing the contact time only seemed to produce slightly higher
levels of substitution with HS (Table 4.8).
4.2.4 Conclusions of Heavy Metal Removal Mechanism for Hydrotalcite
The TG data demonstrates that substitution of magnesium in hydrotalcite for heavy
metal ions in solution does not occur to a significant extent. The removal mechanism
is likely to be surface precipitation of metal hydroxide species, induced by the large
pH increase in solution. This is supported by the magnesium oxide test and the pH
control tests.
This information has shown that hydrotalcite would not be suitable to use in treating
motorway stormwater. The heavy metals were removed from solution by a pH effect
and could be readily released on contact with runoff of a more acidic pH. The ability
of hydrotalcite to remove anionic pollutants (e.g. Cl', 50/-, N03-) and humic
substances may, hQwever,be useful in treating motorway stormwater in addition to a
heavy metal cation ~xchanger.
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4.3 SYNTHETIC ZEOLITE BATCH EXPERIMENTS
Synthetic zeolites are potentially suitable materials for removing heavy metals from
motorway stormwater. Initial tests in Section 4.1 showed the zeolites MAP and Y had
good heavy metal removal efficiency. In this section their cation exchange
capabilities are fully investigated. Key experimental parameters (zeolite dose,
contact time, and heavy metal concentration) were varied sequentially and optimum
conditions set for subsequent tests. This will enable the ion exchange reaction
occurring to be studied in more detail.
All elemental analysis in this section was carried out using AAS. The concentration
was measured in mg dm? and converted to milliequivalents for data analysis.
Milliequivalents (meq) take into account the atomic mass and charge of the heavy
metal and represent the amount of ions:
mg dm-3 I equiv wt ~ meq dm?
equiv wt = atomic mass I charge
(4.6)
(4.7)
Temperature control was not feasible, but laboratory conditions varied in the range
17-20°C.
4.3.1 Water Content of Zeolites
The capacity of zeolites for heavy metal uptake is based on the amount exchanged
per gram of dry material. Therefore, the quantity of water in the zeolite samples
needs to be determined so in the batch experiments this can be taken into account
and measurements made on a dry weight basis.
The zeolite samples were stored in a desiccator over water to create a 100% relative
humidity environment. A thermogravimetric analyser was used to heat the sample
(20 - 30 mg) from 30 to 1000 °C at a rate of 10°C per minute and the total weight
loss was recorded (a high temperature was necessary to fully dehydrate the zeolite).
Zeolite MAP was found to contain around 30 % water and zeolite Y 25 %. The
quantity of zeolite used in the following experiments was adjusted accordingly.
4.3.2 Cation Exchange Capacity of Zeolites
The initial tests conducted in Section 4.1 used a low heavy metal concentration (5
mg dm-3) which was successfully removed from solution by both of the synthetic
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zeolites. However, in order to study experimental parameters such as pH and
contact time, a much higher heavy metal concentration is required in order to
differentiate between the results for each variable. As the ion exchange capacities
are to be investigated the units used will be milliequivalents per gram of dry zeolite
(meq g-1)as this more accurately describes the extent of ion exchange.
Theoretical Exchange Capacity (TEC)
The TEG is calculated from the proportion of aluminium in the zeolite:
TEG (mequiv g-1)= (AI (equiv) 1RMM zeolite (g) )*1000 (4.8)
The composition of a synthetic zeolite (Si02)x (AI203)yl2 (Na20)yf2 and can be
determined using the Si/AI ratio from the XRF data (Appendix B). Zeolite Y contains
exchangeable H+ ions in addition to sodium and this was resolved from the AliNa
ratio. The composition of the synthetic zeolites studied in this work were:
Zeolite MAP (Si02h (Ab03) (Na20)
Zeolite Y
Using equation 4.8 the TEG for each synthetic zeolite was calculated as follows:
Zeolite MAP TEC = (21 [(60*2)+(102)+(62)]) *1000 = 7 meq g-1
Zeolite Y TEC = ( 101 [(60*30)+(102*5)+(62) + (18*4)]) *1000 = 4 meq g-1
A mixed heavy metal solution at a total concentration of 35 mmol dm-3 (8.75 mmol
dm-3 of each heavy metal) was used for the batch experiments. This equates to the
amount of divalent heavy metals it is theoretically possible for zeolite MAP (highest
TEC) to remove from solution using 0.5 g zeolite in 50 cm3 of solution:
7 meq = 3.5 mmol x 20 (50 cm3) 12 (0.5 g) (4.9)
A concentrated stock solution was prepared (using metal nitrates and 1 % analytical
grade nitric acid), stored in a fridge (4 °C) and diluted appropriately.
4.3.3 pH Control for Batch Experiments
On contact with aqueous solutions, zeolites cause a large rise in pH owing to the
exchange of the cations in the zeolite for hydronium ions (H30+) in solution. As
discussed in Section 4.1.2, this causes problems in testing the ion exchange
capabilities of the zeolites as heavy metals tend to become less soluble in an
alkaline environment and precipitation will be a competing removal mechanism. It is
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therefore necessary to develop a method of controlling the pH with minimum
precipitation of heavy metals in solution and damage to the zeolite (which would
occur in acidic conditions).
There are two possible methods of pH adjustment:
1) Solution pH adjust - Adjust the pH of the heavy metal solution to a relatively
acidic pH (e.g. pH 5) where the zeolite will not be destroyed and the pH
increase on contact with the zeolite wi" not be too dramatic;
2) Slurry pH adjust - Adjust the pH of a zeolite/water slurry (e.g. pH 6) to
saturate the hydronium ion exchange reaction before adding the heavy metal
solution.
The heavy metal removal efficiencies for the zeolites by the two methods were
compared to determine which is the most appropriate for future experiments.
pH Control Experimental
A ratio of 0.5 g of dry zeolite to 50 cm3 of solution was used with a shaking time of 12
hours and separation by centrifugation at 3000 rpm for 10 minutes. Two pH
adjustment procedures were tested using the set mixed heavy metal concentration of
8.75 mmol dm-3 for each heavy metal (Zn, Cu, Pb and Cd).
pH Adjustment Procedures
1) Solution pH adjust - The pH of the heavy metal solution was less than 1.
Aqueous ammonia (2 mol dm-3) was used to adjust the heavy metal solution to
pH 5. Some precipitate was noted on addition but solids re-dissolved.
2) Slurry pH adjust - The following procedure was adapted from the method
described by Whitehead (2000):
• zeolite (0.5 g) + doubly de-ionised water (35 crrr') - pH adjust to 6 while
stirring;
• add portion (5 cm3) of concentrated heavy metal stock solution (87.5
mmol dm-3);
• make up volume to 50 cm3 with doubly de-ionised water;
• record pH, shake for set period of time and record pH again.
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Results of pH Control Experiments
For the solution pH adjustment method, the pH readings upon contact of zeolite and
heavy metal solution (at pH S) were unexpectedly low (Table 4.9). Experiments in
Section 4.1 used a lower heavy metal (5 mg dm-3) solution at pH S, and on contact
with zeolites the pH increased to around 9.S for zeolite MAP and 6.S for zeolite Y.
This lower pH indicates that at high concentrations, the heavy metals are taken up in
preference to the hydronium ions.
Table 4.9 - pH readings at each stage of test for different pH adjustment methods
Zeolite pH adjust method pH on contact pH after shaking
MAP solution 5.7 5.2
slurry 4.2 4.0
Y solution 4.6 4.1
slurry 2.3 3.S
In the slurry pH adjustment method, adding the heavy metal stock solution (pH < 1)
to the zeolite slurry (pH S) decreased the pH due to its high acidity. The pH of the
zeolite Y slurry solution decreases immediately on contact with the heavy metal
solution suggesting that the ion exchange reaction between H+ in the zeolite and
heavy metals in solution occurs rapidly. There is then a slight increase in pH over the
shaking period, perhaps indicating a gradual uptake of hydronium ions.
Both pH adjustment methods were successful in controlling the pH of the heavy
metal solution in contact with the synthetic zeolites. However, Table 4.10 shows
there were significant differences in the heavy metal uptake.
Table 4.10- Heavy metal removal (%) by different pH adjustment methods
Zeolite pH adjust method Zn Cu Pb Cd
MAP solution 59±3 99±0· 100 ± O· 18± 1
slurry 21 ±S S8±8 99±0' 23±S
Y solution 3 to· 19 ± O' 43± 1 4±1
slurry 3±1 13±2 22±2 3±1
.. -e-100% = concentratton of heavy metal reduced below analytical detection limit « 0.1 mg dm )
mean ± standard deviation (n = 2) o' = standard deviation < 1
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The uptake of heavy metals is much greater by adjusting pH of solution and adding
zeolite than adjusting pH of the zeolite slurry and adding heavy metals. It is unlikely
that the heavy metal precipitation is occurring as an additional removal mechanism
in the solution pH adjust method, as the pH remains acidic (Table 4.10).
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Figure 4.8 - Heavy metal removal (%) by zeolite MAP for pH adjustment methods
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Figure 4.9 - Heavy metal removal (%) by zeolite Y for pH adjustment methods
As expected from the higher ion exchange capacity, zeolite MAP has a higher heavy
metal uptake with almost complete removal of lead. Using a higher concentration,
differences between the percentage removals for each heavy metal can be
observed. The selectivity of both zeolites is similar: Pb > Cu > Cd > Zn. The
selectivity is also consistent for both pH adjustment procedures (Figure 4.8 and 4.9).
The amount of sodium ions in solution indicates the amount of ions that have been
exchanged into the zeolite. The exchange mechanism below shows that
theoretically, two sodium ions will be released for every divalent heavy metal ion:
Zeolite - 2Nqi+ + M2+(soln.) -j- Zeolite - M2+ + 2Na+ (soln.)
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Table 4.11 shows that, experimentally, the equivalent amount of sodium ions
released is greater than the corresponding heavy metal ions taken up into the zeolite
(calculated using equations 4.6 and 4.7). This can be assigned to the uptake of
hydronium ions.
Table 4.11 - Heavy metal uptake and corresponding sodium release (meq g-l) for
each zeolite by both pH adjustment methods
Total ions (meq g-l)
Zeolite pH adjust method MZ+ removed 2Na+ released Difference
MAP solution 5.1 6.2 1.1
slurry 3.3 6.4 3.1
Y solution 1.1 7.7 6.6
slurry 0.8 7.9 7.1
The difference between sodium ions released and heavy metals taken up is greater
with the slurry method. This may explain the lower heavy metal removal efficiencies
observed for this method. The addition of acid to pH-adjust the slurry, means more
hydronium ions are available to be taken up by the zeolite, reducing the number of
sodium filled exchange sites available for the heavy metals. The hydronium ion
exchange reaction also has longer to react during the pH adjustment of the slurry by
this method.
Figure 4.8 shows that the uptake of cadmium and zinc is affected by the pH
adjustment method much more than the uptake of copper and lead, possibly due to
the higher affinity of the zeolite for the latter heavy metals.
The difference between the amount of heavy metals taken up by the zeolite and the
sodium released into solution is much greater with zeolite Y. This implies the
hydronium ion reaction occurs to a greater extent, possibly at the expense of the
heavy metals. It is difficult to determine if this is the case from an observed pH
increase because this zeolite also contains exchangeable hydronium ions at the start
of the reaction.
Zeolite Integrity
Analysis of the zeolites after exchange by both pH adjustment methods revealed
zeolite Y to be unchanged, while the XRD pattems for zeolite MAP are significantly
different (Figure 4.10). A" peaks had decreased in intensity, possibly indicating the
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structure of the zeolite is partially destroyed. This was true of both pH adjustment
methods, Figure 4.10 gives the XRD patterns of zeolite MAP before and after contact
via the solution pH adjust method.
250 - original-zeoliteMAP!
- aftercontact-zeoli~~
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Figure 4.10 - XRD patterns of zeolite MAP before and after heavy metal exchange
via solution pH adjustment method
Further pH adjustment tests were carried out on zeolite MAP in order to find a
method that does not alter the structure, as detected by the XRD pattern. Adjusting
the initial heavy metal solution and zeolite slurry to a higher pH in order to make the
conditions less acidic had no effect. Carrying out the slurry method without the
presence of heavy metals did not change the XRD pattern in the same way,
indicating that it is the presence of heavy metals which is causing some kind of
structural change not the acidity. This is investigated further in Section 4.3.7.
Conclusion of pH Control Experiments
Various pH control methods have been tested and there does not appear to be a
method that does not alter the XRD pattern of zeolite MAP. As this consequence
appears inevitable, the solution pH adjustment method was chosen as it produces
the better heavy metal removal efficiencies. Precipitation of heavy metals is unlikely
to be a problem, as no dramatic pH increase is observed, due to the immediate
exchange for the readily available heavy metal ions rather than hydronium ions.
4.3.4 Zeolite Dose Experiments
The optimum ratio of volume of solution to quantity of synthetic zeolite to be used
needs to be established. This value will be selected for use in further experiments
and could provide a useful guide to the amount of material that would be needed to
achieve the best heavy metal removal in a stormwater treatment facility.
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Dyer (1988) recommends the ratio of solution to zeolite should not be below 20.
Doses used in the literature vary; for example Mier et al. (2001) 50 cm3 I 1.5 g (33);
Leinonen and Lehto (2001) 20 cm3 I 0.2 g (100); Yuan et al. (1999) 30 cm3 I 0.05 g
(600). A large dose will cause problems with controlling the pH as synthetic zeolites
have a high buffering capacity (Whitehead, 2000). Ideally, a small dose would be
preferable, but good heavy metal removal still needs to be observed.
Zeolite Dose Experimental
Varying amounts of each zeolite (O.OOS,0.010, 0.050, 0.100, 0.500, 1.000 g, dry)
were contacted with 50 cm" of mixed heavy metal solution (8.75 mmol drn? of Zn,
Cu, Pb and Cd, adjusted to pH 5), shaken for 12 hours and separated by
centrifugation. The zeolites were weighed with an error of approximately ± 0.001 g.
Results of Zeolite Dose Experiments
The higher doses of zeolite MAP (1 and 0.5 g) had a greater effect on the pH as
expected, becasue they have a higher capacity for hydronium ion exchange (Table
4.12). The pH decreases as the dose of zeolite Y increases, owing to the greater
level of heavy metal ion I hydrogen ion exchange taking place.
Table 4.12 - Solution pH after contact with zeolites of varying dose (g)
zeolite dose (g)
Zeolite 1.000 0.500 0.100 0.050 0.010 0.005
MAP 6.2 6.1 5.5 5.4 5.4 5.3
Y 4.2 4.3 4.5 4.5 4.9 5.1
The heavy metal removal results are presented as the total concentration of heavy
metals removed compared to the concentration of heavy metals (mmol dm-3) for
which it should theoretically be possible for that amount of zeolite to exchange
(Table 4.13 for zeolite MAP, Table 4.14 for zeolite Y).
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Table 4.13 - Theoretical and experimental heavy metal uptake (mmol dm") for
each dose of zeolite MAP (g)
zeolite MAP dose (g)
1.000 0.500 0.100 0.050 0.010 0.005
Theoretical removal 35 35 7.0 3.5 0.70 0.35
(mmol dm-3)
Experimental removal 34 26 7.5 4.9 2.5 0.79
(mmol dm-3)
Capacity used (%) 96 75 107 139 350 226
The total concentration of heavy metals in solution is roughly equivalent to the ion
exchange capacity of zeolite MAP at a dose of 0.5 g. However, full removal was not
observed partially due to the hydronium ion exchange reaction also occurring. At a
higher dose (1 g), exceeding the minimum amount of zeolite that is theoretically
necessary for complete exchange, it was possible to remove almost all traces of the
heavy metals tested (96 %). At low zeolite doses, the amount of heavy metals
removed is far greater than that theoretically possible by exchange with the zeolite.
This indicates an additional heavy metal removal mechanism or some experimental
error. It should be noted that experimental errors, in weighing sample and analytical
measurement, are likely to be magnified at these low doses of zeolite. This over-
estimation of heavy metal removal is also observed for zeolite Y.
Table 4. 14 - Theoretical and experimental heavy metal uptake (mmol dm") for
each dose of zeolite Y (g)
zeolite Y dose (g)
1.000 0.500 0.100 0.050 0.010 0.005
Theoretical removal 20 20 4.0 2.0 0.4 0.2
(mmol dm-3)
Experimental removal 8 5 1.5 1.3 0.9 0.6
(mmol dm-3)
Capacity used (%) 38 24 38 67 233 295
The actual heavy metal uptake by zeolite Y at a dose of 0.5 g is only 24 % of that
theoretically possible. This may partly be due to hydronium ion exchange, although a
high pH increase was not observed. This may also be an indication that some
exchange sites in zeolite Y are less accessible to the heavy metal ions.
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Figure 4.11 and 4.12 shows how the total heavy metal removal at each zeolite dose
is distributed between the four heavy metals. At doses where there are more heavy
metals available than the amount the zeolite can theoretically exchange, the
proportion of removal for each heavy metal varies. For example, with 0.1 g of zeolite
MAP, good overall heavy metal removal is observed (107 %capacity) but lead
uptake is far greater than cadmium and zinc.
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Figure 4.11- Heavy metal removal (%) at different doses of zeolite MAP (g)
mean ± standard deviation (n = 2)
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Although the overall percentage removals for zeolite Yare smaller (lower ion
exchange capacity), a similar trend in selectivity of the zeolite for lead and copper is
observed. At low zeolite doses (O.05g and below), the removal efficiencies are quite
similar and weighing errors could be more significant.
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Figure 4~12- He~~y metal-remo~aI(%)-bydiffer~nTamounts-of zeolite Y (g)
mean ± standard deviation (n = 2)
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The pH levels after contact with the synthetic zeolites (Table 4.13) suggested greater
hydronium ion exchange occurs with the higher doses of zeolite and this is
supported by the sodium data in Table 4.15 for zeolite MAP (calculated using
equations 4.6 and 4.7).
Table 4.15- Heavy metal uptake and corresponding sodium release (meq g-1)for
varying doses of zeolite MAP (g)
Total ions (meq g-l)
Dose (g) M2+ removed 2Na+ released Difference
1.000 3.3 3.6 0.3
0.500 5.2 5.8 0.6
0.100 7.5 7.1 -0.4
0.050 9.7 7.7 - 2.0
0.010 24.5 10.0 - 14.5
0.005 15.8 9.6 - 6.2
In the case of zeolite doses of 1 and 0.5 g, more sodium ions are released from the
zeolite than heavy metals removed from solution, indicating exchange between
sodium ions in the zeolite and hydronium ions in solution. This does not seem to
occur with the lower doses. At a higher concentration of heavy metals available per
mass of zeolite, the heavy metal ions are exchanged in preference. In situations
where more heavy metals have been removed than corresponding sodium released,
it suggests either another removal mechanism occurring and/or a magnification in
errors with the small measurements, as previously discussed. Precipitation should
not be an additional mechanism as Table 4.12 shows the pH is acidic at the low
zeolite doses for both zeolites.
Conclusions of Zeolite Dose Experiments
Where the amount of zeolite used is below that capable of complete ion exchange,
greater differences in removal efficiency between the heavy metals is observed, with
both zeolites showing strong preferences for lead. At high doses of zeolite MAP,
greater exchange between sodium ions in the zeolite and hydronium ions in solution
takes place (indicated by pH and sodium analysis). This is typical of synthetic
zeolites at a high solution to zeolite ratio (Harjula et al., 1993).
The total heavy metal uptake appears to be above the theoretical value at low doses,
probably due to experimental error rather than an additional removal mechanism.
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The theoretical removal of heavy metals is not fulfilled at higher doses (0.5 g), and is
particularly low with zeolite Y. However, there is a crossover point at 0.1 g where the
theoretical uptake and actual are close (7 and 7.5 meq g-l). A ratio of 0.1 g to 50 cm"
was chosen for the next series of experiments.
4.3.5 Contact Time Experiments
The two synthetic zeolites (MAP and Y) were tested for heavy metal removal at
various contact times. This will provide information on the kinetics of the ion
exchange reaction and a shaking time for the final set of experiments can be
determined from the equilibrium point. For use in a motorway stormwater treatment
facility, quick removal of heavy metals is desirable, as the flow rate of incoming
runoff is likely to be fast.
Contact Time Experimental
The zeolites (0.1 g dry wt) were shaken with a mixed heavy metal solution (50 ern",
total concentration of 7 mmol dm", pH 5) for periods of 5, 10, 20, 30, 60 min, 2, 5,
10, 24 hrs. Disposable syringe filters (0.2 urn) were used for rapid (around 30 sec)
separation of the solution from the zeolite. The pH was recorded at the end of each
experiment to avoid adding to the contact time.
Results of Contact Time Experiments
The results are presented in Figures 4.13 and 4.14 as the heavy metal removal
efficiency (%) with increasing contact time.
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Figure 4.13 - Heavy metal removal (%) with contact time (min) for zeolite MAP
mean ± standard deviation (n = 2)
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The kinetics of the ion exchange reaction with zeolite MAP is different for each heavy
metal studied. Lead is almost completely removed after only 5 minutes, copper
removal is more gradual but reaches an efficiency of 98 % after 2 hours. Zeolite
MAP is less selective for cadmium and zinc and their removal efficiency is initially
low (around 20 % after 5 min) but improves over the 24 hour period to reach 94 %
and 80% respectively.
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Figure 4. 14 - Heavy metal removal (%) with contact time (min) for zeolite Y
mean ± standard deviation (n = 2)
The heavy metal uptake by zeolite Y is quite low (3 % Zn, 5 % Cd, 10% Cu, 32 %
Pb) but fairly constant with time. Selectivity is shown for Pb > Cu > Cd - Zn.
The heavy metal exchange behaviour of the zeolites at short contact times (0to 60
minutes) is plotted in Figures 4.15and 4.16,to relate to their performance in a
stormwater treatment site.
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Figure 4.15- Heavy metal removal (%) for zeolite MAP over a 60min period
mean ± standard deviation (n = 2)
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Lead is rapidly taken up by zeolite MAP but removal of the other heavy metals is
more gradual. Copper removal shows a significant increase over the 60 min time
period from 73% to 91%. Zinc and cadmium removal only reaches 27% and 35%
respectively during this contact period, meaning they would not be effectively
removed in a motorway stormwater treatment facility.
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Figure 4.16 - Heavy metal removal (%) for zeolite Y over a 60 min period
mean ± standard deviation (n = 2)
The removal of all heavy metals by zeolite Y occurs rapidly and remains consistent
over time, although the efficiencies are low, especially for cadmium and zinc « 5%).
Table 4.16 - Solution pH after contact with zeolites for varying contact time
pH after contact
Contact time (min) zeolite MAP zeolite Y
0 5.0 5.0
5 5.5 4.3
10 5.5 4.5
20 5.6 4.5
30 5.6 4.6
60 5.7 4.6
120 5.8 4.7
300 5.9 4.7
600 6.0 4.7
1440 6.1 4.7
There is a gradual pH increase with contact time for zeolite MAP, probably due to
further hydronium ion exchange taking place. The relationship of sodium released to
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overall heavy metal uptake (sum of individual heavy metal uptake) is plotted in
Figure 4.17 (calculated using equations 4.6 and 4.7).
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Figure 4.17 - Total heavy metal uptake and corresponding sodium released
(meq g-l) with contact time for zeolite MAP
mean ± standard deviation (n = 2)
The overall heavy metal uptake and sodium released increase with time and follow a
similar trend. Slightly more sodium is released than can be assigned to exchange
with the heavy metals, confirming that hydronium ion exchange is occurring.
Table 4.16 shows that the pH of solution immediately decreases on contact with
zeolite Y indicating rapid exchange of hydrogen ions in the zeolite for heavy metals
in solution. The pH gradually rises with increasing time and this corresponds to a
slight increase of sodium released into solution over time (30 - 39 mg dm"). This
suggests a gradual hydronium ion exchange is occurring, as there was no further
significant heavy metal removal observed after the initial S minutes.
Conclusions of Contact Time Experiments
Zeolite MAP removes all lead from solution very rapidly (S min) and most copper (9S
%) after 2 hours, but cadmium and zinc appear to exchange slowly, and the reaction
did not proceed to conclusion.
Heavy metal uptake is less with zeolite Y but removal is rapid and remains fairly
constant with time. It appears that heavy metal ions are readily taken up into
accessible exchange sites in zeolite Y, but no further removal occurs with time, and
the low overall uptake suggests there are exchange sites which are not available to
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the heavy metal ions. This is in contrast to zeolite MAP where the longer shaking
time provides an opportunity for the less favoured ions, cadmium and zinc, to
exchange into the zeolite.
Heavy metal removal occurred via exchange with sodium ions from the zeolite. The
exchange of hydronium ions from solution with sodium ions also appears to increase
with time.
Good removal for lead and copper can be achieved in a short contact time with
zeolite MAP, but cadmium and zinc would not so readily be removed from a stream
of motorway stormwater flowing through the material. A contact time of six hours was
set for the next set of experiments, providing a compromise between the ion
exchange reaction equilibria for the different heavy metals and zeolites.
4.3.6 Heavy Metal Concentration Experiments
Heavy metal uptake experiments were conducted with single and mixed heavy metal
solutions, to evaluate the selectivity and maximum possible uptake of heavy metals
by the synthetic zeolites MAP and Y.
Heavy Metal Concentration Experimental
The zeolites (0.1 g dry) were shaken with heavy metal solutions (50 ern") of various
concentrations for 6 hours and then separated by centrifugation for 10 min at 3000
rpm. These parameters were set from the previous dose and contact time
experiments. Heavy metal solutions were prepared with doubly de-ionised water
from single heavy metal (nitrate) stock solutions at 25 mmol dm? (adjusted to pH 5)
at concentrations of:
single -0.1, 0.5, 1.0, 2.0, 5.0, 10 mmol drn?
mixed - 0.025, 0.125, 0.250, 0.500, 1.25, 2.50 mmol drn?
(of each heavy metal- same total concentration in all solutions)
Zeolite MAP is theoretically capable of removing all the heavy metals present at a
concentration of 7 mmol dm-3(7 meq g-1)and zeolite Y at 4 mmol drn? (4 meq g-1).
The theoretical exchange capacities were calculated in Section 4.3.2.
Heavy Metal Uptake
The initial heavy metal concentration was plotted against the amount removed from
solution to determine the maximum uptake (meq g-1) possible for each zeolite
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(calculated using equations 4.6 and 4.7). Figure 4.18 shows the plot for the mixed
heavy metal solution (sum of individual heavy metal uptake from mixed solution), the
graphs for the single heavy metal solutions are contained in Appendix C.
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Figure 4. 18- Total heavy metal uptake (meq g.1) by zeolites MAP and Y at each
mixed heavy metal concentration (mmol dm")
The trends were similar the mixed and single heavy metal solutions with zeolite Y
reaching its heavy metal capacity at a much lower concentration than zeolite MAP.
For the single heavy metal solutions, zeolite Y reaches its maximum uptake at
around 1 meq g.1, whereas zeolite MAP is capable of removing much higher
quantities of heavy metals, between 5 and 6 meq g.1. The overall heavy metal uptake
is slightly lower with the mixed solution, reaching a maximum of around 0.8 meq g.1
for zeolite Y and 4.5 meq g.1 for zeolite MAP. This is likely to be due to the strong
selectivity for lead with both zeolites. The lead ions will be preferentially taken up by
the zeolites but there is a lower proportion available in the mixed heavy metal
solution and consequently lower overall uptake is observed.
Zeolite Y is expected to show a reduced uptake of heavy metals owing to its lower
ion exchange capacity (4 meq g.1 compared to 7). However, the proportion of the
theoretical exchange capacity (TEC) used by zeolite Y is also a lot lower as shown in
Table 4.17.
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Table 4. 17 - Proportion of TEe used for each heavy metal solution (%)
TEC used (%)
Zeolite Zn Cu Pb Cd Mixed
MAP 89 81 70 86 71
Y 25 37 49 33 20
Zeolite Y has a strong preference for lead ions and in single heavy metal solutions
nearly half of the exchange capacity can be used, compared to only 20% when there
is a mixture of heavy metal ions. Zeolite MAP uses a greater proportion of its TEC,
although only 70 % is used in the single lead solution, which would be expected to
be highest based on the selectivity.
Single Heavy Metal Solutions
The distribution coefficient (Ko) describes the distribution of an ion (A) between the
zeolite (underlined) and solution phase, under specified conditions:
Ko = ~ I CA (ern" g-1) (4.10)
This provides an indication of how selective the zeolite is for each heavy metal and
describes the relationship with increasing solution concentration. The distribution
coefficient (Ko) was calculated for each heavy metal over the range of concentrations
tested:
(4.11)
where Cj and Cs are the initial and equilibrium heavy metal concentrations (mmol
dm-3) and V I m is the volume to zeolite ratio (500 cm3 g-1).
Table 4. 18 - Calculated Ko (cm" g-1) values for zeolite MAP
Heavy metal cone. Distribution coefficient
(mmol dm-3) Zn Cu Pb Cd
0.1 94416 36864 19810 33641
0.5 131849 100190 67489 82934
1.0 108511 114451 93162 176441
2.0 260341 321685 109913 124528
5.0 154694 8172 361018 10275
10.0 666 795 743 611
The data highlight~ in bold in Table 4.18 indicate the concentration at which the
distribution ccefficient is highest for each heavy metal. The magnitude of the
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distribution coefficient can be used to determine how selective the zeolite is for that
heavy metal (Leinonen and Lehto, 2001). From this data it appears that zeolite MAP
is selective for Pb > Cu > Zn > Cd.
The distribution of each heavy metal between zeolite and solution phases over
increasing concentration is shown in Figure 4.19.
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Figure 4.19 - Variation of distribution coefficient (log Ko) with heavy metal
concentration (mmol dm") for zeolite MAP
The distribution coefficient is highest at a concentration of 2 mmol dm? for most of
the heavy metals, except lead which is highest at 5 mmol dm". There is a decrease
in selectivity for the heavy metals in solution at the highest concentration, where the
zeolite has reached its capacity to remove further ions.
The distribution coefficients for zeolite Y (Table 4.19) are lower than for zeolite MAP,
confirming that this zeolite is less selective for the target heavy metals. Greater
selectivity for heavy metals has been shown for zeolites with a low Si/AI ratio
(Leinonen and Lehto, 2001). The selectivity series for zeolite Y based on the
highlighted Ko values in Table 4.19 is Pb > Cu > Cd > Zn.
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Table 4.19 - Calculated Ko (ern" g-1) values for zeolite Y
Conc. (mmol drn"] Zn Cu Pb Cd
0.1 90052 116929 76559 149905
0.5 12744 23288 185732 24110
1.0 795 892 1450 898
2.0 288 313 453 259
5.0 119 114 139 93
10.0 51 95 156 68
The variation of KD with heavy metal concentration is illustrated in Figure 4.24 for
zeolite Y. In this case the distribution coefficients are highest at the lowest
concentrations, where the uptake of heavy metals is highest. No further levels are
removed past 1 mmol dm? and consequently, Ko decreases. As with zeolite MAP,
lead reaches its maximum Ko value at a higher concentration than the other heavy
metals.
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Figure 4.20 - Variation of distribution coefficient (log KD) with heavy metal
concentration (mmol drn") for zeolite Y
Mixed Heavy Metal Solutions
For the mixed heavy metal solution it is possible to gain an idea of selectivity from
the percentage heavy metal removal at each concentration. In this case the total
initial heavy metal concentrations are used, where equal amounts of each of the four
heavy metals are present. Figures 4.21 and 4.22 provide a clear graphical
representation of the variation in heavy metal removal (%) as the overall
concentration increases for zeolites MAP and Y.
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Figure 4.21 - Heavy metal removal (%) for each mixed concentration for zeolite MAP
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The selectivity becomes more pronounced with increasing concentration. Zeolite
MAP preferentially takes up all available lead ions meaning the other heavy metals
are not so effectively removed. The total uptake of heavy metals by zeolite Y did not
increase past a concentration of around 1 mmol dm", but the majority of this
exchange was of lead ions. This indicates that the presence of lead inhibits the
uptake of the other heavy metals.
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pH and Heavy Metal Concentration
The pH of solution after contact with the zeolites (Table 4.20) is higher with the more
dilute heavy metal solutions. This confirms the earlier suggestion that with excess of
heavy metal ions, hydronium ion exchange does not occur to such an extent
(Section 4.3.3).
Table 4.20 - Effect of zeolites on pH at increasing mixed heavy concentrations
Heavy metal conc. pH after contact
(mmol dm") zeolite MAP zeolite Y
0 9.0 8.6
0.1 8.9 7.8
0.5 8.5 6.9
1.0 8.5 6.1
2.0 7.9 5.9
5.0 5.7 4.8
10.0 5.4 4.4
Table 4.21 compares the amount of sodium released in relation to the heavy metals
removed by zeolite MAP (calculated using equations 4.6 and 4.7). The excess
sodium ions released is assigned to hydronium ion exchange but there does not
appear to be a direct correlation with the concentration of the heavy metal solution.
Table 4.21- Heavy metal uptake and corresponding sodium release (meq g-l) for
varying concentrations of heavy metals
Heavy metal cone Total ions (meq 9-1)
(mmol dm-3) M"+ removed 2Na + released Difference
0 0 0.4 0.4
0.1 0.1 0.7 0.6
0.4 0.4 1.5 1.1
1.0 0.9 2.6 1.6
1.6 1.6 4.0 2.4
4.7 3.6 5.2 1.5
9.3 4.5 5.4 1.0
Conclusions of Heavy Metal Concentration Experiments
Zeolite MAP is capable of removing a greater quantity of heavy metal ions from
mixed and single solutions and uses around 70% of its exchange capacity (TEe = 7
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meq g-1) compared to only 20% for zeolite Y (TEC = 4 meq g-1). Selectivity is shown
for Pb > Cu > Cd > Zn with both zeolites. The calculated distribution coefficients for
the single heavy metal solutions indicated zeolite MAP has a higher selectivity for the
target heavy metals. The calculated distribution coefficient was used to study the
effect of solution concentration on selectivity. Both zeolites showed highest
selectivity at the point where maximum heavy metal exchange was reached. Mixed
heavy metal solutions showed the uptake of cadmium and zinc is lower and lead
ions are preferentially removed from solution.
The concentration of heavy metals in motorway stormwater is significantly lower than
the concentrations used in these experiments and it has been shown that
concentration does affect the ion exchange behaviour of a zeolite. Experiments were
conducted on lower, more realistic heavy metal concentrated solutions and analysed
by ICP-MS, which has lower detection limits. However, pH control was a problem
and no trends were observed as all heavy metal levels were reduced below
detection.
Re-generation
One of the benefits of using zeolites to treat motorway stormwater is the possibility of
re-generation of the material to re-use it, providing an economical solution. Re-
generation of the synthetic zeolites involves exposing it to a highly concentrated
sodium solution. Analysing the solution for its heavy metal content could then test
the extent of the reverse ion exchange process. However, the high concentration of
sodium causes severe analytical problems (Section 3.1.2) and is not practically
possible.
4.3.7 Zeolite Integrity
The zeolite framework. can be affected by the pH of solution. Aluminium can be
leached in acidic conditions and silica dissolves at an alkaline pH. Analysis of these
elements in solution was not possible on the instruments used in this work.. Similar
batch experiments carried out on zeolite MAP by Whitehead (2000) showed some
silicon and aluminium did leach into solution. The rise in solution pH owing to the
hydronium exchange reaction is known to result in a slight dissolution of zeolites,
especially silica (Harjula et al., 1993).
XRD analysis has been used to establish whether the structure has been
significantly affected by the solution conditions. A change in the XRD pattern of
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zeolite MAP after contact with the highly concentrated heavy metal solution was
observed in Section 4.3.3. The XRD patterns of zeolite MAP after contact with
varying concentrations of heavy metal solutions is shown in Figure 4.23. There is a
reduction in intensity of several peaks with increasing concentration. At the most
extreme concentration (10 mmol drn") the XRD pattern shows new peaks appearing,
which could not be identified. This could indicate some more serious alteration of the
structure.
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Figure 4.23 - XRD patterns of zeolite MAP exposed to increasing heavy metal
concentrations (mmol drn")
To investigate what is happening to the zeolite structure selected samples were
analysed by MAS-NMR to determine if there were any significant changes in the AI
or Si environment. Details of the analysis are contained in Section 2.3.5. The results
in Table 4.22show that there is some change in the chemical shift for the 27AI
nucleus with heavy metal concentration, but 29Sidoes not change appreciably.
Table 4.22 - MAS-NMR chemical shift (8) of 27AI and 29Sifor zeolite MAP
exchanged with mixed heavy metal solutions (mmol dm")
Heavy metal conc chemical shift
(mmol dm-3) 27AI 29Si
0 59.1 -86.6
0.5 58.5 -86.7
2.0 58.5 -85.6
10.0 56.6 -85.4
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The change in chemical shift for aluminium could be affected by the presence of
heavy metals within the exchanged zeolite. The decrease in 27AI chemical shift is
greater for the zeolite MAP exchanged with the highest heavy metal concentration
(10 mmol dm"), This could indicate some aluminium is lost from the zeolite structure,
although no octahedral 27AI was observed in the MAS-NMR spectrum which would
be expected from released aluminium. The structure is not drastically damaged, as
the silicon environment is not significantly changed.
A broadening of the signal was noticed with increasing heavy metal concentration,
indicating the presence of the paramagnetic copper. The copper present appeared to
be distributed throughout the sample.
The decrease in the intensity of the peaks observed in the XRD patterns for zeolite
MAP is directly related to the heavy metal concentration it has been in contact with.
The intensity of peaks in an XRD pattern is related to the type of atoms present in
the sample. The introduction of a high concentration of heavy metals to the zeolite
could change the scattering of X-rays and account for the reduced peaks observed
in the diffraction pattern.
There is no significant leaching of aluminium from zeolite MAP on contact with heavy
metal solutions. There may be some alteration of the structure at high concentrations
but this would not be an issue in treating motorway stormwater where levels are
typically J,lgdrn".
4.3.8 Summary of Synthetic Zeolite Batch Experiments
The composition and theoretical exchange capacities (TEC) of the synthetic zeolites
tested were:
TEC = 7 meq g-1
TEC = 4 meq g-1Zeolite Y
Heavy Metal Uptake
As predicted from its higher TEC, zeolite MAP is capable of removing higher
quantities of heavy metals (4.5 meq g-1) from a mixed solution than zeolite Y (0.8
meq g-\ However, zeolite Y is only utilising around 20% of its TEC compared to
70% for zeolite MAP. This is likely to be a result of the lower exchangeable sodium
content of zeolite Y. Sodium is regarded as being the most readily exchangeable
cation within zeolites and experimental studies on natural zeolites have observed a
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higher uptake is found with the zeolite containing the larger proportion of sodium ions
(Yuan et al., 1999).
Hydronium Ion Exchange
Synthetic zeolites exchange hydronium ions in solution for sodium within the zeolite,
resulting in an increase in solution pH:
Zeolite -Na+ + H30+(soln) -+ Zeolite-H30+ + Na" (soln)
Experiments conducted to investigate ways of controlling the pH showed that with a
high concentration of heavy metals present in solution hydronium ions were not
removed to such an extent. Adjusting the pH of the heavy metal solution prior to
adding the zeolite resulted in better heavy metal removal than pH adjusting the
zeolite/water slurry and adding heavy metals. The slurry method saturates the
hydronium ion exchange reaction before adding the heavy metals, but this then limits
the capacity of the zeolite for removing the heavy metals.
Theoretically, two sodium ions are released for every divalent heavy metal removed,
therefore comparison of the equivalent amounts the exchanging ions indicates if
there are other processes occurring. Zeolite Y was found to release substantially
more sodium ions than could be accounted for by heavy metal removal and this is
likely to be a result of hydronium ion exchange. This affinity for hydronium ions may
inhibit the uptake of heavy metals.
Selectivity
All batch experiments with the synthetic zeolites MAP and Y (varying pH control,
zeolite dose, contact time and solution concentration) have exhibited variation in
heavy metal removal efficiency showing selectivity for:
Pb > Cu > Zn - Cd
The distribution coefficient (Ko) was also used as a measure of selectivity for the
single heavy metal solutions. This data also confirmed the affinity of the zeolites for
the heavy metals in the order shown above. The magnitude of the distribution
coefficients also showed that zeolite MAP has a higher affinity for the heavy metals
studied than zeolite Y.
The selectivity exhibited by a zeolite for particular cations is influenced by many
factors including zeolite framework/dimensions, charge density in cavities and the
size and shape of exchanging ion. Leinonen and Lehto (2001) tested a range of
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zeolites with varying pore dimensions and aluminium content in relation to selectivity
for divalent metal cations. Comparison of distribution coefficients (Ko) for zeolites
with similar Si/AI ratios but different pore sizes (one allowing the hydrated ionic radii
to enter) did not indicate a significant variation. The main factor affecting Ko was the
Si/AI ratio with selectivity increasing with the AI content.
Studies on various types of zeolite (synthetic and natural) for the removal of
cadmium and lead ions from solution have consistently observed a strong preference
for lead (Maliou et al., 1994; Mier et al., 2001). Yuan et al. (1999) investigated
possible explanations for the exchange sites appearing more accessible to lead.
Both heavy metals were likely to be present as divalent ions and the dimensions of
the zeolite restricted both on the basis of their hydrated ionic radii. In order for the
ions to enter the zeolite at least partial stripping of the hydration shells is necessary.
Comparison of the free energies of hydration (Pb -1481 kJ mol", Cd -1807 kJ mol")
suggested cadmium prefers the aqueous phase whereas lead more readily loses
part of its water of hydration, allowing it access to the zeolite channels.
Results from this work have shown that the strong preference of the zeolites for lead
inhibits the uptake of the less favoured zinc and cadmium in a mixed heavy metal
solution. The heavy metal uptake was found to be greater in single heavy metal
solutions than mixed. In addition to a lower overall heavy metal uptake in the mixed
solution, a high proportion of this is lead removal at the expense of zinc and
cadmium uptake.
Zeolite Dose
At high zeolite doses (1 g I 50 em3) hydronium ion exchange occurs and at low
zeolite doses « 0.05 g I 50 em3) the data was not found to be meaningful due to
weighing errors. A compromise of 0.1 g to 50 em3 was determined to be an
appropriate dose.
Contact Time
The ion exchange reaction occurs rapidly with zeolite Y and no further exchange
sites ean be accessed by the heavy metals. The rate of reaction with zeolite MAP
depends on the particular heavy metal. Lead and copper are almost completely
removed after 2 hours but cadmium and zinc are removed gradually. This is likely to
be associated with the selectivity of the zeolite with the preferred cations occupying
the exchange sites initially and eventual take up of cadmium and zinc.
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Zeolite Integrity
Contact of zeolite MAP with a highly concentrated heavy metal solution resulted in a
decrease in intensity of peaks in the XRD pattern. MAS-NMR analysis of a variety of
heavy metal exchanged zeolite MAP samples showed the bulk of the structure was
not affected and the change in XRD pattern is a result of the presence of the heavy
metals.
Suitability of Synthetic Zeolite MAP to Treating Motorway Stormwater
Zeolite MAP has a greater capacity and affinity for the heavy metals studied (Zn, Cu,
Pb, Cd). The high maximum heavy metal uptake (4.5 meq g-1) is a potential
advantage for its use in a motorway stormwater treatment facility as the higher
capacity would prolong its useful lifetime, reducing the frequency of maintenance
required. The exchange of hydronium ions occurs to a greater extent at low heavy
metal concentrations (found in motorway stormwater) and results in a pH increase,
changing the natural conditions of the stormwater. The engineering of how the ion
exchange material would be placed in a treatment site is not known, but it is likely
that only a very short contact time would be available for the heavy metals to be
removed. The kinetic experiment showed zeolite MAP could rapidly and effectively
remove lead and copper, but not cadmium and zinc. A practical problem of zeolite
MAP is that it has a low particle size (modal value - 3 urn) which would make it hard
to contain in order to prevent release into the environment.
4.4 CHAPTER SUMMARY
This chapter has compared the capabilities of a range of ion exchange materials to
remove heavy metals from a mixed synthetic solution (5 mg dm-3) in a short contact
time (10 min) to gain an initial picture of which might be suitable for treating
motorway stormwater. Zeolites proved to be effective, especially the synthetic types
(100 % removal efficiency) due to their higher ion exchange capacities. The pillared
clay removed significantly lower amounts of heavy metals (58 %) than the parent
clay (93 %), owing to the reduction in exchange capacity with the bulky pillars
present. The enhanced uptake of heavy metals by the pillared clay in a saline
environment proposed by Matthes et al. (1999) was not observed. Lignite removed
some heavy metals by ion exchange with alkali/alkaline-earth metals associated with
surface functional groups, and therefore the removal efficiency was related to
particle size (31,59,90%). All ion exchange materials showed a high affinity for lead.
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Hydrotalcite also showed promise (- 100% of all heavy metals). but further
investigation showed the removal mechanism was likely to be surface precipitation
rather than cation exchange. This makes it unsuitable as the material would not
retain the heavy metals. not be re-generable and not have a useful lifetime in
practice.
The synthetic zeolites MAP and Y were studied further by a series of batch
experiments. Zeolite MAP showed a high capacity for heavy metal removal (4.5 meq
g-1)compared to zeolite Y (0.8 meq g-1).The uptake of hydronium ions was inhibited
at a high heavy metal concentration for zeolite MAP. Zeolite Y appears to have a
high affinity for hydronium ions, possibly at the expense of the heavy metals. Both
zeolites showed selectivity for Pb > Cu > Cd - Zn. Zeolite Y removes heavy metals
rapidly. suggesting the ion exchange sites not utilised are inaccessible. Zeolite MAP
removes lead quickly but the amount of zinc and cadmium taken up still appeared to
be increasing up to 24 hours.
Zeolite MAP is very effective at removing heavy metals from synthetic solutions.
However, there are practical problems in applying it to a treatment system in that the
material is of a very fine consistency and there are potential concerns arising from
the high concentration of sodium released and pH increase. There is a need to
conduct tests under more application-focused conditions and find a material that
does not cause subsequent environmental problems.
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5.0 INTRODUCTION
Ion exchange materials that are effective at removing heavy metals from a synthetic
solution may not be as efficient at removing heavy metals from real motorway
stormwater. The solution chemistry may be different (e.g. pH, speciation and
concentration of heavy metals) and the presence of other contaminants may also
affect the performance of the ion exchange material. There are also practical
considerations to take into account for this application. The most obvious method of;
using an ion exchange material in a motorway stormwater treatment facility would be
to contain it in some type of filter bag or container to prevent it being released into
the environment and allow regular maintenance/re-generation. Therefore the
material must be of a large enough grain size to be readily contained, which may
affect the kinetics of the removal process.
Results from preliminary tests (Chapter Four) highlighted zeolites (particularly
synthetic types) as the most effective type of ion exchange material to use for
removing heavy metals from solution. In this chapter, large grain size zeolites will be
tested to assess the affect of size on their performance in terms of heavy metal
removal efficiency. Selected ion exchange materials will also be considered for their
potential to treat actual motorway stormwater and the affect of other contaminants
(road salt, hardness, and organic species) will be evaluated. This should provide an
indication of which ion exchange materials(s) would be most suitable for use in
treating motorway stormwater.
5.1 HEAVY METAL REMOVAL WITH LARGE GRAIN SIZE ZEOLITES
The synthetic zeolites MAP and Y were tested extensively in Section 4.3. Zeolite
MAP was found to be capable of removing large quantities of mixed heavy metals
(4.5 meq g.l). However, these materials are fine powders (modal particle size < 5
urn) and consequently would be difficult to contain in a filter bag to be placed in a
motorway stormwater treatment system. Preliminary work using these materials has
also shown that they are not suitable for packing into a bed or column type
arrangement, as clogging then becomes a problem (Pinheiro, 1998).
However, zeolites appear to be the most promising type of ion exchange material for
this application owing to their high ion exchange capacity, affinity for heavy metals
and re-generable nature. Therefore, commercially available synthetic zeolites in
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pellet form and a natural zeolite of granular consistency were tested for their heavy
metal removal.
5.1.1 Large Grain Size Zeolites Tested
A selection of different types and forms of synthetic zeolite pellets and the natural
zeolite mordenite (Table 5.1) were tested by the initial heavy metal removal test set
up in Section 4.1 (a pellet form of zeolite MAP is not available). The powder forms
and crushed pellets were also tested in order to establish a relationship with particle
size and determine if the binding agent affects heavy metal removal.
Pelletisation of Synthetic Zeolites (Breck, 1974)
Synthetic zeolite powders can be converted to pellet form for use in applications
requiring a larger particle size or high physical strength. An inorganic binding agent,
usually a kaolin-type clay, is blended with the zeolite in a wet mixture which can be
extruded into cylindrical pellets or beads. The final stage is calcination in order to
convert the clay to an amorphous binder resulting in an increased mechanical
strength. The ratio between zeolite and binder needs to be optimised to achieve the
maximum density and mechanical resistance with minimum loss of diffusion
characteristics. The presence of the binder will effect the ion exchange capacity of
the zeolite.
Table 5.1 - Description and properties of zeolites tested
Type Description Code Supplier SUAI Particle size
Synthetic 4A spherical beads pA FSA Laboratory 1.5 1.6-2.5 mm
pellets X spherical beads pXround FISONS 1.7 2.5-5.0 mm
X 'noodle' pellets PXnoodle Merck 1.4 -2mm
SynthetiC zeolite 4A A INEOS Silicas 1.1 3.9~m
..
powders zeolite X X Merck 1.4 3.9~m
..
Natural Mordenite MsmaH Resource 5.4 <2mm
(granular) Mlarge Refineries Ltd, 2-4mm
New Zealand
calculated from XRF data (Appendix B)
"modat value from particle size analysis (Section 2.3.3)
Characterisation information on the zeolites tested is presented in Appendix B. The
XRD pattems produced for each zeolite were used to confirm their identity by
reference of the meln peak positions to the 'powder diffraction file' database. XRF
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data provided information on the Si/AI ratio and presence of alkali/alkaline-earth
metals (Na, K, Mg, Ca) for each zeolite.
Zeolite 4A
Zeolite '4A' is a sodium exchanged dehydrated zeolite A, having an effective pore
size of 4A (similarly, 3A is the potassium exchanged form and 5A is calcium); they
are common laboratory reagents used as molecular sieves (Dyer, 1988). The
framework is comprised of polyhedral cavities formed by linked 'sodalite' cages
(Figure 5.1).
Figure 5.1 - Structure of zeolite A showing 'sodalite' units
The pellets were spherical beads with traces of magnesium, iron, potassium and
calcium (in order of abundance) also present.
Zeo/iteX
Zeolite X also contains socialite units, as shown in Figure 5.1 for zeolite A, although
linked together in a different way. It is isostructural with zeolite Y but has a greater
proportion of aluminium (lower Si/AI ratio), leading to a higher theoretical exchange
capacity. The zeolite X pellets tested were large spherical beads (2.5 - 5.0 mm) and
'noodle' shaped (- 2 mm). Both are in an exchangeable sodium form with low levels
of magnesium, calcium, potassium and iron also present.
Mordenite
Mordenite is a high silica natural zeolite consisting of a series of aluminosilicate
chains joined together to form two major channels. The XRD pattern did not detect
any major impurities present. The material used originates from New Zealand and is
of a granular consistency, which was sieved to create two size fractions ('small' < 2
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mm, 'large' 2-4 mm). The XRF data showed potassium, calcium, sodium and
magnesium present as exchangeable cations (in order of abundance).
5.1.2 Experimental of Large Grain Size Zeolite Tests
The standard shaking procedure (Section 2.4) was carried out with doubly de-ionised
water and a mixed solution of 5 mg dm-3 of each heavy metal (Zn, Cu, Pb, Cd). All
solutions were adjusted to a pH of 5 (using 0.1 mol drn? nitric acid and 0.5 mol dm-3
aqueous ammonia). The pH of the separated solutions was recorded. All samples
were run in duplicate and the results presented as the average value. The synthetic
zeolite pellets and granular mordenite were also tested in a 'crushed' form. These
samples were ground using a pestle and mortar.
AnalYSis
The solutions were analysed by AAS (following the procedure detailed in Section
3.1.2) for:
• heavy metals - Zn, Cu, Pb and Cd to assess the removal efficiencies for each
zeolite and ensure no heavy metals leach into the blank;
• alkali/alkaline-earth metals Na, Ca and Mg for evidence of ion exchange
reactions and leaching from the zeolites.
XRD patterns were obtained for the zeolites after contact with the heavy metal
solutions to ensure the structure had not been affected.
5.1.3 Results of Large Grain Size Zeolite Tests
Heavy Metal Removal
The results are expressed as the percentage of heavy metal removed from solution
by a particular zeolite. This was calculated using equation 5.1 where Co is the
starting concentration of the heavy metal (mg dm-3) and C1 is the concentration after
contact with the zeolite (mg dm-3):
[(CO-C1) / Co] x 100 = % heavy metal removal efficiency (5.1)
The total heavy metal removal from the mixed solution by the synthetic zeolite pellets
and the granular mordenite are shown in Table 5.2.
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Table 5.2 - Total heavy metal removal efficiency (%) by different zeolites
Zeolite type Size fraction Total removal (%)
Synthetic pellets pA 1.6 -2.5 mm 17
pXround 2.5 - 5.0 mm 24
pXnoodle -2mm 44
Natural Msmall <2mm 33
mordenite Mlarge 2-4mm 42
In terms of the overall heavy metal uptake the zeolites performed as follows:
X pellets (noodle) > mordenite (large) > mordenite (small) > X pellets (round)
> A pellets
This shows that with the zeolite types studied, the natural zeolite (mordenite) is able
to remove more heavy metals from solution than the synthetic pellet types A and X.
Mondale et a/. (1995) found a similar order of effectiveness for metal uptake with the
zeolites - X pellets » mordenite - A pellets.
The smaller noodle shaped zeolite X pellets are able to remove the greatest quantity
of heavy metals from solution (44 %). The spherical beads of zeolite X are much
larger than the similarly shaped zeolite A, but have an overall greater heavy metal
uptake. This could be assigned to the type of zeolite. Figure 5.2 shows the removal
efficiency for each heavy metal by the zeolites tested.
100 .
pA pX (round) pX(noodle) M (small) M (large)
Figure 5.2 - Comparison of heavy metal removal (%) of the 'large size' zeolites
mean ± standard deviation (n = 2)
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All zeolites remove higher quantities of copper and lead than zinc and cadmium. An
unusually high affinity is noticed for copper with the round shaped zeolite X pellets.
The mordenite samples remove similar quantities of cadmium and zinc but the larger
granules show a higher percentage removal of copper and lead, although the
selectivity series remains the same (Pb > Cu > Zn - Cd). This could be due to the
impurities present providing additional heavy metal adsorption sites.
Relationship to Particle Size
Pellet forms of synthetic zeolites are agglomerates of the zeolite particles and have
less surface area per unit mass exposed to the heavy metal solution. This could
explain their low heavy metal removal efficiency. The particle diameter is also
directly related to the rate of reaction. In order for ion exchange to occur between the
heavy metal ions in solution and ions in the zeolite, adequate time is required for the
ions to diffuse through the zeolite to the exchange site. In a pellet, the surface area is
lower and only a limited numbers of heavy metal ions can access the exchange sites
in the time provided (10 min). Increasing the shaking time would enhance the heavy
metal removal rate but for this application it is necessary to assess the performance
at a short contact time to simulate conditions in a treatment facility.
The heavy metal uptake may also be affected by the presence of the binding agent
used to form the pellets. The heavy metal removal for the powder forms of the
synthetic zeolites X and A and the crushed pellets were determined to investigate
why lower removals are found for the pellets, results are shown in Table 5.3.
Table 5.3 - Heavy metal removal (%) for powder and crushed forms of zeolites
Zeolite type Zn Cu Pb Cd
Synthetic A 100 100 100 100
powder X 100 100 100 100
Crushed eA 100 96 ±O· 100 98±0·
pellets eXround 100 95±O· 100 100
e~ .. 100 98±0· 100 100
Natural eM 46±3 66±3 93± 1 51 ±3
.. -;"
100% = concentration of heavy metal reduced below analytical detection limit « 0.1 mg dm )
mean ± standard deviation (n = 2) O·= standard deviation < 1
The powder forms of zeolites A and X show a 100 % heavy metal removal at this
level. Almost complete heavy metal removal was also found for the crushed zeolite
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pellets. This demonstrates that the binding agent does not interfere with the zeolite
pellets' ability to remove heavy metals at this level (5 mg dm"). The XRD patterns
(Appendix B) did not show any major presence of a binder material.
The heavy metal removal efficiency of mordenite can also be increased when the
material is ground to provide a smaller particle size (cM). The overall heavy metal
uptake is higher (64 %). although the selectivity exhibited for each heavy metal is the
same - Pb > Cu > Cd > Zn.
Removal Process
The pH and alkali/alkaline-earth metal content of the blank (doubly de-ionised water)
and heavy metal solutions before and after contact with the zeolites was detennined.
This confirms whether the heavy metal removal process was ion exchange and the
different size fractions of the zeolites ean be compared.
Table 5.4 - pH of solution after contact with zeolites (initial pH = 5)
pH after contact
Zeolite type Blank Heavy metal solution
Synthetic powders A 10.1 10.0
X 9.3 9.6
SynthetiC pellets pA 7.8 7.1
pXround 8.1 7.3
PXnooctIe 6.6 5.7
Crushed pellets cA 9.4 8.9
e"'ound 9.5 9.2
cXnooct.e 9.1 8.7
Natural mordenite eM 7.6 6.7
MsrNlu 6.8 5.9
Mlarge 6.5 5.7
The initial pH of both blank and heavy metal solutions increases on contact with the
zeolites owing to the hydronium ion exchange reaction (discussed in Section 4.1.3).
This occurs to a larger extent with the finer size zeolites (the powder and crushed
pellet forms). showing their ability to exchange ions more readily. With the noodle
shape zeolite X pellets and mordenite the solution pH did not rise to such alkaline
levels. This minimal effect on pH is advantageous for the application. as it would not
alter the environmental conditions to such an extent. In some cases. the resultant pH
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is higher in the blank, this could indicate that the heavy metals are taken up in
preference to the hydronium ions.
The pH increase to alkaline levels (- pH 9) could mean a precipitation reaction of the
heavy metals. Tables 5.5 and 5.6 provide the alkali/alkaline-earth metal content of
the solutions. The higher levels present in the heavy metal solution confirm that ion
exchange of the heavy metals has occurred.
Table 5.5- Sodium (mg dm-3) in solution after contact with synthetic zeolites
Na (mg dm~)
Zeolite type Blank Heavy metal soln Difference
Synthetic A 43.5±0.8 58.0 ± 0.5 14.5
powders X 27.3 ± 0.1 48.8 ± 0.2 21.5
Synthetic pA 5.7 ± 0.2 10.0 ± 0.8 4.4
pellets pXround 9.1 ±0.3 13.6 ± 0.4 4.5
PXnoodle 15.5 ± 0.3 24.8 ± 1.4 9.3
Crushed cA 15.7 ± 0.5 42.3 ± 0.3 26.6
pellets CXrouncl 44.6 ± 0.7 71.7 ± 0.2 27.1
CXnoodl• 15.6 ± 0.3 46.2 ± 0.5 30.6
..
mean ± standard devietion (n = 2)
Table 5.5 shows the quantity of sodium released into solution by the synthetic zeolite
powders, pellets and crushed pellets. A higher concentration of sodium is released
from the powder zeolites into the blank solution, owing to the greater extent of the
hydronium ion exchange reaction, indicated by the increase in solution pH.
The difference between the amount of sodium released in the heavy metal solution
and blank provides an indication of the extent of the heavy metal exchange reaction.
The difference is greater for the powder and crushed zeolites, supporting the higher
heavy metal removal observed. Similarly, the best pellet in terms of heavy metal
uptake were the zeolite X noodles, which is also shown by the difference in sodium
values. Interestingly, the difference is greater for the crushed pellets than for the
powder, which suggests a greater amount of ion exchange has taken place.
However, the heavy metal removal results indicated approximately 100% efficiency
for both. It is possible that the presence of the binder gives a greater capacity for
hydronium ion exchange with the crushed pellet forms. It should also be noted that
different suppliers te>the powder forms manufactured the pellets (Table 5.1).
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Table 5.6- Alkali/alkaline-earth metals (mg dm") in solution after contact with
mordenite
Na Ca Mg
Blank HMsoln Blank HMsoln Blank HM soln
cM 7.4 ±0.2 18.5 t 0.3 0.2t O· 1.9± 0 nd 0.8 t 0-'-
Msmall 1.7 to· 11.6 t 0.5 nd 1.0 t 0.1 nd 0.5 to·
Mlarg, 1.9 ± 0.4 11.0 t 0.4 nd 0.7 to· nd 0.2±0·
- .-.l,nd - not detected ( < 0.1 mg dm )
mean ± standard deviation (n = 2) O·= standard deviation < 0.1
Table 5.6 shows there are higher levels of sodium, calcium and magnesium in the
heavy metal solution (HM soln) than the blank after contact with mordenite,
indicating that they have all taken part in the exchange process. Unfortunately. it was
not possible to analyse the solutions for their potassium content by AAS as
explained in Section 3.1.2. Sodium appears to be the most readily exchangeable ion
with both the hydronium ions and heavy metals. As expected from the higher
removal efficiency. the ground sample (cM) releases significantly more
alkali/alkaline-earth metals than the granular forms. Similar levels of alkali/alkaline-
earth metals are released by the granular fractions of mordenite (small < 2 mm, large
2-4 mm).
Heavy Metals Leached
It is necessary to ensure that an ion exchange material placed in a treatment facility
will not leach heavy metals into the runoff. Analysis of the blank solutions (doubly de-
ionised water) after contact with the zeolites detected no heavy metals « 0.1 mg
dm-3).
Zeolite Integrity
The XRD patterns of the zeolites after contact with the heavy metal solution did not
show any appreciable change (Appendix B).
5.1.4 Discussion of Large Grain Size Zeolite Tests
Particle Size
The results from this work have shown a distinct decrease in heavy metal removal
efficiency with the large grain size of the synthetic zeolite pellets and granular
mordenite. The particle size of an ion exchange material affects its ability to remove
heavy metals. In order for an exchange reaction to occur, the ions in solutions need
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to access the internal exchange sites within the framework of the zeolite. The lower
the particle size, the higher the external surface area and the greater the number of
exchange sites that are available (Ali and EI-Bishtawi, 1997). Various earlier studies
found the smallest size fraction of a zeolite is able to remove higher levels of heavy
metals (Maliou et al., 1992; Maliou et al., 1994).
Synthetic Zeolite Pellets
The synthetic zeolite pellets did not show a very efficient level of removal of the
heavy metals from the mixed solution (17 - 44 %). This finding is consistent with
Mondale et al. (1995) who reported low metal uptake with pellet forms of zeolites A
and X. The hard surface coating of the pellets inhibits diffusion of heavy metals to
the exchange sites within the zeolite framework. Electron microprobe studies by
Mondale et al. (1995) found Cu2+ near the particle edge of the synthetic pellets, but
with natural zeolites the ion had diffused to the centre of the particle.
The synthetic zeolites tested were different types and shapes/sizes of pellets. The
noodle shaped zeolite X pellets (- 2 mm) showed the highest total heavy metal
removal efficiency (44 %). Zeolite A pellets (1.6 - 2.5 mm) and zeolite X pellets (2.5
- 5.0 mm) were spherical beads, higher overall heavy metal uptake was found with
the zeolite X pellets, despite their larger size. Therefore the type of zeolite is also a
factor in terms of heavy metal removal. Zeolite A has a slightly higher aluminium
content than zeolite X, hence a greater capacity for ion exchange. The framework of
the zeolites is slightly different and the size of the cavities is smaller with zeolite A (4
A) than zeolite X (13 A). This could explain the lower heavy metal removal found for
zeolite A as the diffusion of the heavy metals to the exchanges sites may be
restricted.
The uptake of heavy metals by the synthetic zeolite pellets was improved by
crushing them and this was also true of a study by Mondale et al. (1995). The
powder forms and crushed pellets did remove almost 100 % of all heavy metals
present. This showed that the lower removal efficiency was due to the agglomerate
nature of the pellets and not the zeolite type or binding agent present. The binding
agent did not affect the heavy metal removal and the level tested (5 mg dm-3) but
may affect the overall heavy metal capacity of the zeolite.
The pH increase in solution is not as high with the pellets, owing to fewer hydronium
ions exchanging, again showing kinetic differences. Selectivity is shown for Pb > Cu
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> Cd ...Zn with the zeolite A and noodle shaped X pellets, but the spherical bead
form of zeolite X pellets showed an unusual affinity for Cu > Pb > Zn > Cd.
Natural mordenite
Granular mordenite also exhibited low heavy metal removal (small - 33%, large -
42%). This can be explained by its high silica content (lower theoretical ion exchange
capacity) and low exchangeable sodium content. Selectivity was shown for Pb » Cu
> Zn ...Cd, which is consistent with the literature (Yuan et al., 1999). There were no
significant differences between the two size fractions, possibly owing to the
impurities present. The ground zeolite was capable of removing higher levels of
heavy metals (64 %), as expected from the lower particle size.
5.1.5 Conclusions of Large Grain Size Zeolite Tests
A balance needs to be found between heavy metal removal capabilities of a material
and a practical particle size. The best removals were found for the noodle shaped
synthetic zeolite X (44 %) pellets and granular mordenite (33 I 42%). In terms of a
material with a useable particle size, the lignite tested in Section 4.1 shows the
greatest heavy metal removal efficiency (31 - 90 %) in these test conditions (mixed
metals - 5 mg dm-3,10 min).
5.2 MOTORWAY STORMWATER
The initial heavy metal removal experiments have indicated which ion exchange
materials have the potential to be used in this application (synthetic zeolites,
mordenite, and lignite), but it is also necessary to assess their performance in actual
motorway stormwater. Their ability to remove heavy metals may vary as the solution
varies in composition and the chemical speciation of the heavy metals may be
different. The levels of heavy metals present are likely to be significantly lower (Jlg
dm-3 instead of mg dm"), along with other substances, such as dissolved road salt
and various organic species (e.g. humic acid).
Initial tests with motorway stormwater proved difficult because of the unusually low
levels of heavy metals present at the time of collection. As an alternative, motorway
stormwater spiked with heavy metals was used. The experiment was repeated using
spiked doubly de-ionised water in order to test the effect of the different background
matrix on the heaV¥metal removal efficiency of the ion exchange materials. Further
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experiments were conducted with motorway stormwater collected from different
treatment facilities and various 'simulated motorway stormwater' solutions, to
investigate the performance of the most promising ion exchange materials (zeolites
MAP, Y, mordenite and lignite).
5.2.1 Experimental of Motorway Stormwater Tests
Materials Tested
The ion exchange materials chosen to test in motorway stormwater solutions were:
• synthetic zeolites MAP and Y (modal values - 2.7, 5.0 urn):
• synthetic zeolite pellets pX (noodle shaped - 2 mm);
• natural zeolite mordenite of size fractions < 2 mm, 2 - 4 mm;
• carbon sorbent, lignite of size fractions 250 - 850 urn, 850 - 1400 urn.
The synthetic zeolites MAP and Y were tested in order to compare their ability to
remove heavy metals in this different matrix, although their small particle size may
be a problem in a treatment facility. The synthetic zeolite X (pellets), granular
mordenite (2 sizes) and lignite (2 sizes) were also tested as these proved to remove
reasonable quantities of heavy metals in initial tests despite their large particle size
(Section 5.1). Further characterisation information on the materials is given in
Section 4.1.1 and 5.1.1.
Storm water Collection Procedure
Stormwater used in this series of tests was collected from various motorway runoff
treatment sites in acid-rinsed polypropylene containers and stored in a cool box.
• Oxted, Surrey
This site receives stormwater runoff from the M25 London Orbital motorway between
junctions 5 and 6. It is a modern treatment facility consisting of a grit trap, oil
interceptor, silt trap, dry detention pond, interceptor and an oxygenation cascade
before the stormwater is finally released into the river Eden. Stormwater was
collected from the silt trap (initial entry point) and interceptor (after dry detention
pond) in March 2002.
• Windlesham Arboretum
A wet detention pond is used to treat runoff from the M3 London to Southampton
motorway near Exit 3 before it enters a private site consisting of a series of man-
made ponds used for fishing. Although an unusual circumstance, the sediment and
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contaminated plant material in this pond have not been cleaned-up since the
detention pond was constructed in the 1970s. Stormwater was collected from the
entrance to the detention pond in March 2002.
• Control water
Water from the river Lamboum (a Site of Special Scientific Interest) was collected in
November 2001 to use as a control solution. This provides a background matrix of
hardness and natural organic substances but is expected to contain lower levels of
heavy metals and other pollutants.
Shaking Experiments
The standard shaking procedure (Section 2.4) was followed using a variety of
actual/spiked/simulated motorway stormwater solutions. In this section, solution
blanks were run by the same procedure (i.e. no material added) and analysed to
determine the 'initial' concentration.
Analysis
Owing to the low levels of heavy metals in motorway stormwater, solution analysis
was carried out using ICP-MS. For details of the analytical procedure see Section
3.2.2. Ion Chromatography was used to determine alkalilalkaline-earth cations (Na',
K+,Mg2+,Ca2+)and anions (CI-,N03', SOl') in the motorway stormwater and control
water. For details of the analytical procedure see Section 3.3.2.
XRD pattems were obtained for the zeolites after contact with motorway stormwater
to ensure the structure was not significantly altered in this medium.
5.2.2 Motorway Stonnwater and Control Water
The motorway stormwater (MS5) and control water (CWS) solutions was filtered
using Whatman no. 1 (11 J.lITl) paper and pH adjusted to S (using 0.1 mol dm,3nitric
acid and 0.5 mol dm-3 aqueous ammonia), as with the initial heavy metal removal
tests. This enables comparison of performance of the ion exchange materials in this
medium to the synthetic heavy metal solution.
Initial Levels of Chemical Pollutants
Table S.7 provides the initial concentration of heavy metals, alkali/alkaline-earth
cations and anions present in the motorway stormwater and control water tested.
Heavy metal levels in the motorway stormwater were unusually low compared to
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literature values from the same treatment facility (Hares, 2000) and preliminary
experiments. In this case the concentration of heavy metals in the motorway
stormwater is not greater than the control. This is probably due to the high volume of
rainfall preceding the collection of water diluting the heavy metals present.
Table 5.7- Initial levels of heavy metals (ll9 dm"), alkali/alkaline-earth cations
and anions (mg dm-3) in control water and motorway stormwater
Control Motorway Literature values for
stormwater motorway stormwater
Zn 100 79 188'
Cu 2 6 2481
Pb 2 3 701
Cd 13 2 121
Na+ 9 112 1412
K+ 1 1 62
Mg2+ 1 3 52
Ca2+ 102 141 1152
Cl' 16 175 1902
N03- 313 339 82
sol- 11 74 782
".t. (Varadaxls,1997) (Hares,2000)
The motorway stormwater does contain higher levels of Na+,Ca2+and cr, SOl-than
the control water, which probably arises from grit salt applied to the motorway
surface.
Effect of Ion Exchange Materials on Solution pH
The effect of the ion exchange materials on the pH of the motorway stormwater is
important in relation to the application, as a significant change is undesirable to the
environment. The resultant solution pH can also help to establish what ion exchange
processes have occurred. Table 5.8 compares the effect that the various ion
exchange material~ have on pH after contact with the control water and motorway
stormwater.
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Table 5.8- pH of solution after contact with ion exchange materials (initial pH = 5)
pH after contact
Control water Motorway stormwater
Synthetic MAP 8.4 8.5
zeolites Y 7.0 6.8
pellets X 6.7 6.7
Natural <2mm 5.1 5.3
mordenite 2-4mm 5.2 4.8
Lignite 250-850 urn 4.4 4.1
850-1400 urn 5.2 4.3
The control water and motorway stormwater solutions were adjusted to pH 5. The
resultant pH after contact with the ion exchange materials is similar for both
solutions. The zeolites induce a pH rise owing to the exchange of hydronium ions
from solution. Mordenite has a lower theoretical ion exchange capacity and so does
not take up hydronium ions to such an extent.
The solution becomes slightly more acidic with lignite as the heavy metals exchange
for protons from the material. The exchange sites in lignite are on the surface, and
hence a larger effed is noticed for the smaller size fraction (250-850 11m).
Exchange Processes
The heavy metal data did not provide any useful information on the ion exchange
materials capability in this medium. The initial concentration of heavy metals was low
and the signal variability on the ICP-MS instrument at this level is high (Section
3.2.2). Owing to the high standard deviations obtained for duplicate sample runs, the
heavy metal values after contact with the materials could not be confidently stated as
significantly different to the initial level.
However, the alkali/alkaline-earth cation analysis of both types of solution before and
after contact with the various materials did indicate that ion exchange reactions were
taking place (Table 5.9 for motorway stormwater and Table 5.10 for control water).
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Table 5.9 - Alkali/alkaline-earth cations (mg dm-3) in motorway stormwater (MS5)
before and after contact with ion exchange materials
Na+ K+ Mg2+ Ca2+
Initial MS5 solution 112± 1 1 ±o* 3±1 141 ±2
Synthetic MAP 395± 1 nd nd nd
zeolites y 222± 1 nd 3 ± O· 64 ±O·
pellets X 170±6 nd nd 117 ± 3
Natural <2mm 112 ± 1 11 ± 2 6 ± O· 134 ± 1
mordenite 2-4mm 114 ±2 5 ±O· 5±1 136 ±4
Lignite 250-850 um 113 ±4 2 ±O· 9 ±O· 141 ±2
850-1400 um 114 ± 1 2 ±O· 5 ± O· 145 ± 1
- _-,),nd - not detected « 1 mg dm )
mean ± standard deviation (n = 2) O·= standard deviation < 1
The synthetic zeolites released high quantities of sodium ions on contact with
motorway stormwater (58 - 283 mg dm"), The reduced levels of the initially large
presence of calcium ions indicate that the following exchange reaction has occurred:
zeolite-2Na+ + Ca2+(soln) -1' zeolite-Ca2+ + 2Na+(soln)
The affinity of zeolites for calcium ions is common and this has been applied to the
use of zeolite MAP in detergents (Adams et al.. 1997). Calcium uptake occurs to a
greater extent with zeolite MAP (high theoretical exchange capacity). No magnesium
or potassium ions were detected « 1 mg dm-3) in solution after contact with zeolite
MAP, although dilution of the samples was necessary because of the high sodium
concentration (Section 3.3.2).
Natural mordenite and lignite appeared to increase the levels of magnesium and
potassium ions found in the motorway stormwater. However, there was no significant
change in sodium or calcium ion concentration to suggest an exchange reaction,
although a slight change might not have been detected with the large dilutions
involved in analysis.
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Table S.10 - Alkali/alkaline-earth cations (mg dm-3) in control water (CW5) before
and after contact with ion exchange materials
Ha+ ~ Mg"+ Ca"+
Initial CW5 solution 10 ± 1 1 ±O· 1 ±O· 107 ±7
Synthetic MAP 219 ± O· nd nd nd
zeolites y 113 ± 1 nd nd 13 ± O·
pellets X 56 ± 1 1±O· nd 81 ± O·
Natural <2mm 17 ± O· 4 ±O· 3 ±o* 103 ± 1
mordenite 2-4mm 16 ± 1 2 ±O* 2 ± O· 105 ±2
Lignite 250-850 urn 11 ± O· 2 ±O· 6±1 107 ± 1
850-1400 urn 11 ± O' 2 ±O' 3 ±O' 109 ± 1
- .--"nd - not detected« 1mgdm )
mean± standarddeviation(n = 2) 0*= standarddeviation< 1
The initial levels of alkali/alkaline-earth cations in the control water are similar to the
motorway stormwater except for sodium, which is significantly lower (Table 5.10).
Similar trends were also observed for the cations present in the control water
solutions after contact with the ion exchange materials.
The concentration of magnesium and potassium ions detected in the control water
solution after contact with mordenite and lignite samples is slightly lower than the
motorway stormwater. This is probably due to the additional sodium ions in the
motorway stormwater, which exchange with potassium and magnesium ions from
these materials.
There are several ion exchange reactions occurring in these solutions. Figure 5.3
illustrates which alkali/alkaline-earth cations are entering (~) and leaving (~) the ion
exchange materials for both solution types. The units used to express this are
milliequivalents per gram of material (meq g-1)as this represents the amount of ions:
mg dm-3/ equiv wt ~ meq dm-3 (S.2)
equiv wt = atomic mass / charge (S.3)
meq dm-3/20 (50 cm3) x 2 (0.5 g) (S.4)
All ion exchange materials take up calcium ions from the control and motorway
stormwater (except the larger size fraction of lignite). In the case of mordenite and
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lignite, the calcium in solution is replaced by magnesium, potassium and sodium ions
from the material. Only sodium ions are released from the synthetic zeolites into
solution replacing the calcium, magnesium and potassium ions.
It appears that in a" cases, more ions are released from the ion exchange materials
(~) than are taken up (+-). The difference is greater with the synthetic zeolites,
which can be explained by the exchange of hydronium ions from solution. The
quantity of ions involved in the exchange process is less with the control water
because there were lower initial concentrations of calcium.
-<l05
Motorway stormwater
-<l.05 -<l.025 0 0.025
Ions exchanged (meq g.1)
-<l025 o 0.025
K+
0.05 .5 -1 -o.s 0 0.5 1
ions exchanged (meq g.1)
1.5
Control water
Na+
Ion exchanged (meq g.1)
K+
Na+
0.05 -1.5 -1 -0.5 o
• moroerute « 2mm) • lignite (250-850Ilm)
• mordenite (2-4 mm) • lignite (850-1400llm)
ions exchanged (meq g.1)
• synthetic zeolite MAP
• synthetic zeolite Y
• synthetic zeolite X pellets
0.5 1.5
Figure 5.3 - Total alkali/alkaline earth cations exchanging in (+-) and out (~) of ion
exchange materials (meq g-1) in motorway stormwater and control water
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The motorway stormwater had comparable amounts of heavy metals present to the
control water, therefore it is not possible to find evidence of their removal by ion
exchange, in the cation data.
Zeolite Integrity
The XRD patterns for the zeolites after contact with motorway stormwater showed no
appreciable differences to the initial patterns (Appendix B). Motorway stormwater
does not significantly alter the structure of the zeolites tested.
Summary of Initial Motorway Storm water Tests
No information on the heavy metal removal efficiency of the ion exchange materials
in motorway stormwater could be presented, owing to lhe unusually low levels of
heavy melals present in the solution. However, the alkali/alkaline-earth cation and
pH data showed there are various ion exchange reactions occurring in solution as
summarised in Table 5.11. The extent of exchange is dependent on the size fraction
with mordenite and lignite, and on the theoretical ion exchange capacity with the
synthetic zeolites.
Table 5.11 - Ion exchange reactions occurring in solution
IN to material OUT into solution
Synthetic zeolite Ca<?+,Mg~+,K+, H30+ Na+
Mordenite Ca2+ H 0+ Mg2+, Na", K+, 3
Lignite Ca2+ Mg2+ Na+ K+ H 0+, , , 3
All materials remove calcium ions from solution to some extent. The uptake of
calcium ions may be a potential problem to the use of the materials to remove heavy
metals by utilising exchange sites in preference to heavy metals. Zeolite MAP
removed all calcium ions from the motorway stormwater solution (141 mg drn"),
releasing a further 283 mg dm-3 of sodium ions and altering the solution pH to 8.5.
This will have an impact on the environmental chemistry of the runoff.
5.2.3 Spiked and Simulated Motorway Stormwater
In order to test the ability of the ion exchange materials to reduce the heavy metal
load in motorway stormwater it was necessary to spike a filtered motorway
stormwater solution with additional heavy metals (MS+M). This should provide an
indication of which materials have the best removal capabilities in this medium. The
same level of heavy metals was also added to doubly de-ionised water to allow
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comparison between the removal efficiency with and without the presence of other
contaminants (SMS).
The heavy metal concentrations chosen were designed to mimic a high pollutant
load and to allow the ability of the material to be tested within the detection limits of
the ICP-MS instrument:
Zn = 500, Cu = 250, Pb = 50, Cd = 25 Jl9 dm-3
Elemental standards in nitric acid (Aristar™, Merck, Poole, UK) were used. The
solutions were not pH adjusted in this case in order to retain the speciation of the
heavy metals. The pH of the simulated motorway stormwater (SMS) was 3.2 and the
spiked motorway stormwater solution (MS+M) was 7.2.
Initial Heavy Metal Concentration
The same concentration of each heavy metal was added to doubly de-ionised water
(SMS) and fiHered motorway stormwater (MS+M). The measured levels of heavy
metals should therefore be approximately the same. However, Table 5.12 shows that
this is not the case and gives the percentage difference between the values.
Table 5.12 - Concentrations of heavy metals (Jlg dm-3) in simulated (SMS) and
spiked (MS+M) motorway stormwater solutions
Zn Cu Pb Cd
SMS 519±3 250±2 46.0±0.4 21.3 ± 0.4
MS+M 433 ± 16 126± 1 10.9±1.0 18.3 ± 0.4
% difference 17 50 76 14
..
mean ± standard deviation (n = 2)
The initial heavy metal levels are lower in the modified motorway stormwater
(MS+M) than the doubly de-ionised water based solution (SMS). The motorway
stormwater was fittered prior to the addition of heavy metals but still contained a fine
particulate fraction « 11 urn). The solution was run as a blank by the same
procedure as the samples (standard shaking procedure in Section 2.4) involving
centrifugation and the fine particulate was removed at this stage. It may be possible
that some of the heavy metals could have attached to this fine particulate matter.
The percentage reduction showed that the majority of cadmium and zinc remain in
solution in contrast to lead, which is 76 % lower. This is similar to the distribution of
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the heavy metals between dissolved and particulate phases in motorway stormwater
(Section 1.3.3). This solution provides a good simulation of the speciation of heavy
metals in unaltered motorway stormwater in which to test the performance of the ion
exchange materials.
Another possible explanation for the lower heavy metal concentration is that the
heavy metals are forming insoluble compounds with other species present in the
motorway stormwater e.g. carbonates, which would also be significant for lead. This
behaviour of heavy metals in solution is investigated further in Section 5.2.4 and
experiments were conducted with spiked motorway stormwater with the fine
particulate removed.
Heavy Metal Removal from Motorway Stonnwater
The ability of the ion exchange materials to remove heavy metals from spiked
motorway stormwater was assessed by comparing the percentage removal
efficiency for each (Table 5.13). The removal efficiency has been calculated from
equation 5.1, using the initial measured solution concentration taking the reduction
shown in Table 5.13 into account. Therefore, the reduction in heavy metal
concentration can be assigned to the effect of the ion exchange material.
Table 5.13- Heavy metal removal efficiency (%) of ion exchange materials with
spiked motorway stormwater (MS+M)
Zn Cu Pb Cd TOTAL
Synthetic MAP 97± 1 92±2 94±9 99± 1 97
zeolites Y 95± 1 96± 1 94±9 87±3 94
pellets X 19±2 21 ± O· 59±7 37±8 34
Natural <2mm 10±2 32±0" 44 ± 15 0 23
mordenite 2-4mm 3±1 27±6 77±8 0 27
Lignite 250-850 urn 60±2 91 ± 1 96±3 67 ± 14 79
850-1400 J.l.IlI 20±2 61 ± 1 100 26±2 52
mean ± standard deviation (n = 2) o = standard deviation < 1
In terms of total heavy metal removal efficiency in spiked motorway stormwater
uptake is greatest fOr:
zeolite MAP> zeolite Y > lignite> zeolite X pellets> mordenite
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The best removal efficiency is found with the synthetic zeolite powders MAP and Y,
with almost 100 % of all heavy metals removed. The zeolite X pellets do not remove
such large quantities, as expected due to the reduced surface area per unit mass of
the pellets (discussed in Section 5.1.3).
Mordenite does not perform very well, removing only small quantities of heavy
metals from motorway stormwater (27 %). A high preference for lead is observed. It
is expected that the smaller size fraction « 2 mm) should remove a greater amount
of heavy metals, but this is not the case with lead, as seen in Section 5.1.3.
Lignite shows a definite relationship between removal efficiency and particle size as
seen in the initial heavy metal solution tests (Section 4.1.3). The smaller fraction
(250-850 urn) has a higher heavy metal removal efficiency. A dear selectivity series
of Pb > Cu > Cd > Zn is observed.
Affect of Solution Conditions on Heavy Metal Removal
In the simulated motorway stormwater solution (SMS i.e. heavy metals in doubly de-
ionised water), the synthetic zeolites MAP and Y showed similar removal efficiencies
(almost 100 % for all heavy metals) to the spiked motorway stormwater. There is a
small variation in removal efficiency noticed with the synthetic pellets X, although no
consistent trend. Results for these zeolites are given in Appendix D.
However, the ability of the natural zeolite mordenite to remove heavy metals from
solution does appear to be significantly affected by the other dissolved contaminants
present in motorway stormwater. A sharp decrease in removal efficiency is noted
(Figure 5.4). This could be a result of the presence of other cations competing for
exchange sites or a change in heavy metal speciation to a form not readily taken up
by the zeolite.
The selectivity series of both size fractions of mordenite is Pb » Cu > Zn ...Cd. It is
significant that this remains the same in both solutions as it implies a change in
speciation is not the cause of the reduced heavy metal removal. The fact that the
greatest reduction in uptake from spiked motorway stormwater occurs with cadmium
and zinc (- 30%) also suggests the presence of competing ions is having an affect.
There is large vari,bility in the duplicate results as the material is natural and not
homogeneous.
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Figure 5.4 - Comparison of heavy metal removal efficiency (%) of mordenite from
simulated (SMS) and spiked (MS+M) motorway stormwater
mean ± standard deviation (n = 2)
100 IIZn
.Cu
OPb
OCd
Figure 5.5 shows the heavy metal removal efficiency of lignite with the different
media. The removal appears slightly enhanced in the motorway stormwater with the
larger size fraction (850-1400 J.1,m).especially lead removal which is almost 26%
higher. The selectivity of lignite for each heavy metal remains the same.
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Figure 5.5 - Comparison of heavy metal removal efficiency (%) of lignite from
simulated (SMS) and spiked (MS+M) motorway stormwater
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Effect of Solution pH
The pH of the solutions containing only heavy metals (SMS) was more acidic (3.2)
than the spiked motorway stormwater solution (7.2). The effect of the ion exchange
materials on the heavy metal solution (SMS) was similar to that discussed in Section
5.2.2 (the zeolites increase the pH due to hydronium ion exchange and lignite
decreases the pH as protons are released). In the spiked motorway stormwater,
zeolite Y and mordenite show a slight decrease in solution pH. Results are reported
in Appendix D.
The different initial pH may have influenced the heavy metal removal by mordenite,
explaining the higher removal observed in the synthetic solution. High silica natural
zeolites, such as mordenite, have been reported to show optimum removal of metals
at an acidic pH (Ali and EI-Bishtawi, 1997; Mier et al., 2001).
Exchangeable Ions in Spiked and Simulated Motorway Stormwater
The alkali/alkaline-earth cations present in solution before and after contact with the
ion exchange materials should vary between the two solutions and provide an
indication of what other exchange processes are occurring (Table 5.14 and 5.15).
Table 5.14 - Alkali/alkaline-earth cations (mg dm-3) in simulated motorway
stormwater (SMS) before and after contact with ion exchange
materials
Na+ K+ MgZ+ CaZ+
Initial SMS solution nd nd nd nd
Synthetic MAP 30± 1 nd nd nd
zeolites Y 8± O· nd nd nd
pellets X 18 ± o' nd nd nd
Natural <2mm 4±0· 1 ±O· nd nd
mordenite 2-4mm 3 ± O· nd nd nd
Lignite 250-850 um nd nd 3 ±O· 5±O·
850-1400 um nd nd nd 3±O·
."",nd = not detected « 1 mg dm )
mean ± standard deviation (n = 2) O·= standard deviation < 1
The simulated motorway stormwater solution contains only the heavy metals and
hydronium ions. The synthetic zeolites are pure sodium forms and these have been
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exchanged into solution. Mordenite releases mainly sodium ions and some
potassium (higher levels with the smaller size fraction < 2 mm), but no magnesium or
calcium ions were detected. The lignite samples release magnesium and calcium
ions, with significantly higher levels found with the smaller size fraction (250-850
um).
In the initial motorway stormwater solution all four alkali/alkaline-earth cations were
present and the addltion of an ion exchange material alters the concentrations (Table
5.15)
Table 5.15 - Alkali/alkaline-earth cations (mg dm-3) in spiked motorway stormwater
(MS+M) before and after contact with ion exchange materials
Na+ K+ Mg2+ Ca2+
Initial MS+M solution 88±2 2±O· 5±O· 129 ± O·
Synthetic MAP 338 ± 11 nd nd nd
zeolites y 195±3 nd nd 32± 15
pellets X 146±3 nd nd 95 ±21
Natural <2mm 88± 1 9±1 7 ±o· 108 ± 11
mordenite 2-4 mm 90± 1 5 ± O· 6 ±O· 125 ± 20
Lignite 250-850 urn 88±2 2±1 10 ± O' 124 ± 11
850-1400 urn 89 ± O' 2 ±O· 6±1 137 ± 19
.-;j,nd = not detected « 1 mg dm )
mean ± standard deviation (n = 2) O' = standard deviation < 1
The natural zeolite mordenite and lignite do not significantly alter the levels of
alkali/alkaline-earth metals in motorway stormwater. However, the synthetic zeolites
dramatically increase the concentration of sodium ions and decrease the calcium
ions found in solution. This is a result of exchange between sodium in the zeolites
and calcium in solution as previously observed in Section 5.2.2.
The ion exchange reactions involving the entering (~) and leaving (~)
alkali/alkaline-earth cations are illustrated in Figure 5.6 for the ion exchange
materials in both splutions. The units used to express this are milliequivalents per
gram of material (meq g-1) as this represents the amount of ions (calculated using
equations 5.2 - 5.4).
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Figure 5.6 - Total alkali/alkaline earth cations exchanging in (~) and out (-+) of ion
exchange materials (meq g-l) in simulated and spiked motorway stormwater
• lignite (250-850)lm)
• lignite (850-1400)lm)
• synthetic zeolite MAP
synthetic zeolite Y
• synthetic zeolite X pellets
In the simulated motorway stormwater (SMS) there were no alkali/alkaline-earth
cations present initially, so the ions released can be assigned to heavy metal and
hydronium exchange. All zeolites primarily release sodium ions, lignite releases
calcium and magnesium ions. The overall amount of ions exchanged is much higher
in the spiked motorway stormwater solution (MS+M), owing to the concentration of
alkali/alkaline-earth cations present in the original solution. The proportion of heavy
metals is extremely low (f..Lgdm") compared to the amount of sodium and calcium
present so it is not possible to compare the uptake of heavy metals in the same way.
The exchange reactions occurring in the spiked motorway stormwater are similar to
those observed in motorway stormwater (Section 5.2.2) with all ion exchange
materials taking up calcium ions from solution (except the larger fraction of lignite).
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Mordenite appears to exchange a very large amount of potassium ions into
motorway stormwater compared to the synthetic heavy metal solution where sodium
was the main exchangeable cation. Potassium may be released in preference when
a high concentration of sodium is present in solution, but the amount released in this
case is not accounted for by calcium removal.
It is not possible to ascertain from the alkali/alkaline-earth cation data whether the
heavy metal removal process was ion exchange. The solution pH of the simulated
motorway stormwater and spiked motorway stormwater is different which is likely to
give rise to varying extents of hydronium ion exchange taking place and the amount
of sodium released will differ.
Summary of Spiked and Simulated Motorway Storm water Tests
The synthetic zeolite powders appear to perform best in terms of heavy metal
removal efficiency (almost 100% of aU heavy metals) in spiked motorway
stormwater. The smaller size fraction of lignite (250-850 urn) removes 80% of the
heavy metals at this level. The ability of mordenite to take up heavy metals from
solution is inhibited in some way by the other contaminants present in motorway
stormwater, probably competing cations. A high concentration of potassium ions
were detected in the spiked motorway stormwater solution, perhaps indicating the
exchange of cations from solution which were present but not analysed (e.g. NH4 ").
The cation data showed that significantly more ions were released by all ion
exchange materials than could be assigned to uptake of heavy metals and calcium
ions.
A proportion of the heavy metals in the spiked motorway stormwater was removed
with the fine particulates during the centrifugation process, this was particularly
significant for lead. For further tests it was decided not to use the synthetic zeolite
pellets X as they showed poor removal (34 %), and only the smaller size fractions of
mordenite and lignite, as these showed the best results.
5.2.4 Further Motorway Stonnwater Tests
A series of further experiments were carried out to investigate:
• the low initial heavy metal concentration in the spiked motorway
stormwater;
• if the heavy metal removal efficiency was consistent between stormwater
from diffetrentparts of the treatment site and from different locations;
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• if the presence of sodium and calcium in solution is a cause of the
reduced removal of heavy metals from spiked motorway stormwater
compared to synthetic solution.
The ion exchange materials: synthetic zeolites (MAP and Y), mordenite « 2 mm)
and lignite (250 - 850 um) were tested by the standard shaking procedure (Section
2.4). Solutions containing the same set level of heavy metals (Zn = 500, Cu = 250,
Pb = 50, Cd = 25 Ilg dm-3) in different sources of centrifuged motorway stormwater
and doubly de-ionised water plus sodium chloride or calcium carbonate were used
(SMS+Na, SMS+Ca).
The different sources of motorway stormwater used were:
• OMS+M - Oxted, silt trap
• IMS+M - Oxted, interceptor
• WMS+M - Windlesham silt trap
Initial Heavy Metal Concentration
The initial levels of heavy metals in the spiked motorway stormwater solution in the
previous experiment (Section 5.2.3) were lower than expected. A possible
explanation was that they could have sorbed to the very fine particulate « 11 urn)
remaining in the water and been removed in the centrifugation process. The test was
repeated by centrifuging the motorway stormwater for 10 min, ensuring that the fine
particulate was fully removed before the addition of the heavy metals. Table 5.16
shows the determined levels of heavy metals for all the spiked and simulated
motorway stormwater solutions used in this series of experiments, from the same
analytical run using ICP-MS.
Comparison of these values shows that removing the fine particulate matter from the
motorway stormwater before the addition of heavy metals does increase the
measured concentration, especially for lead, although levels are still lower than the
simulated motorwa¥ stormwater (SMS).
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Table 5.16 - Comparison of initial heavy metal concentrations of all simulated and
spiked motorway stormwater solutions (j..Lgdm-3)
Zn Cu Pb Cd
Added conc. 500 250 50 25
SMS 530 ± 11 235 ± 1 44 +c' 20± 1
SMS+Na 516±2 237± 1 45 ± 1 41 ± O·
SMS+Ca 446 ± 13 77±2 6±1 17 ± 1
MS+M 399 ±27 106±8 6±2 16 ± O·
OMS+M 318 ± 10 143±6 23±2 15 ± O·
IMS+M 433 ± 19 137±7 23±2 14 ± O·
WMS+M 385 ± 11 148 ± 10 30±4 15 ± O·
..
mean ± standard deviatlon (n = 2) o = standard deviatlon < 1
The SMS+Ca levels are also lower indicating that some heavy metals may
precipitate out of solution as insoluble carbonate compounds. The initial levels for
the different sources of motorway stormwater (OMS+M, IMS+M, WMS+M) are
broadly similar, aHhough the zinc values have a wider range. The value for cadmium
in the SMS+Na solution is enhanced which cannot be explained at this stage, but is
not likely to be a matrix interference on the ICP-MS signal.
Different Sources of Motorway Storm water
There may be differences in the heavy metal removal efficiency with different
sources of motorway stormwater, as the types and concentrations of other
contaminants are likely to vary. It is useful to know for the application that the ion
exchange material will work in any treatment facility. If there were differences in the
removal efficiency it would be important to investigate further and assess how the
other contaminants influence the uptake levels of heavy metals. Stormwater
collected from two different parts of the Oxted site (silt trap and interceptor) and a
different site (Windlesham) were used.
The fine particulate in the motorway stormwater was removed in these solutions prior
to the addition of heavy metals, but there were no significant differences in the heavy
metal removal with and without this present. This is important because there will be
particulate present in the runoff in a treatment system.
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There was no major variation in the removal efficiency found with different sources of
motorway stormwater. Table 5.17 shows the range of removals (%) found for each
ion exchange material. This is displayed graphically in Appendix D.
Table 5.17 - Range of heavy metal removal efficiencies (%) for each ion exchange
material with different sources of centrifuged motorway stormwater
Zn Cu Pb Cd
zeolite MAP 94-97 89-90 100 100
zeolite Y 92-93 94-96 100 90-93
mordenite 7 -17 29-35 60-72 7 -15
lignite 57-67 91-92 100 61-77
o - .. ·3,100 ~ - concentration of heavy metal reduced below analytical detection limit (- 1 119dm )
For zeolites MAP and Y, the copper removal is slightly lower with these centrifuged
motorway stormwater solutions than previously observed with the doubly de-ionised
water heavy metal solution (- 100 %). Copper readily complexes with organic matter
in motorway stormwater and this could hinder its uptake by zeolites. Mordenite does
show some variability in removal efficiency between the different sources, but there
is no particular trend and it is likely the removal would be variable with a natural
material. It is a useful finding that there is no significant variation because it indicates
that the materials could be applied to different motorway stormwater treatment
systems.
Analysis of the alkali/alkaline-earth cations present in solution showed that the
background levels and trends on contact with the ion exchange materials were
similar for each source of stormwater and that described in Section 5.2.3. All ion
exchange materials remove calcium - synthetic zeolites MAP and Y release high
concentrations of sodium ions, mordenite and lignite release potassium and
magnesium ions. Data is provided in Appendix D.
The initial solution pH of all spiked motorway stormwater solutions was around pH 7.
Zeolite MAP increased the pH of solution but a decrease was observed for the other
materials. Results are presented in Appendix D.
Presence of Sodium and Calcium in Solution
The presence of sodium chloride and hardness (calcium carbonate) could affect the
heavy metal removal and explain why the removal efficiency was lower for mordenite
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with motorway stormwater. Simulated stormwater with the same levels of heavy
metals but with the addition of sodium chloride (90 mg dm? Na) and calcium
carbonate (120 mg dm-3 Ca) to the motorway stormwater were prepared. These
levels were chosen as they are similar to that found in the spiked motorway
stormwater solution used in the previous experiment.
The results for mordenite are illustrated in Figure 5.7, comparing the heavy metal
removal with spiked (MS+M) and simulated (SMS) motorway stormwater with
sodium chloride (SMS+Na) and calcium carbonate (SMS+Ca) present. The other
materials are shown in Appendix D.
100 • MS+M-~ .SMS0- 80Ci o SMS+Na>
~ 60Q)
a..
Ci- 40~
>-> 20ca
Q)
::t:
0
Zn Cu Pb Cd
Figure 5.7- Heavy metal removal efficiency (%) of mordenite for spiked and various
simulated motorway stormwater solutions
mean± standarddeviation(n = 2)
The presence of sodium (chloride) in the simulated motorway stormwater solution
(doubly de-ionised water + heavy metals) reduces the removal of zinc, copper and
lead but cadmium uptake is enhanced. When calcium carbonate is present in the
heavy metal solution the removal efficiency does not appear to be greatly affected,
and in some cases the uptake increases slightly (cadmium and zinc). The main
finding is that although the presence of these chemicals in the heavy metal solution
does reduce the heavy metal removal efficiency, it is not as low as that found for the
spiked motorway stormwater. Motorway stormwater is a complex matrix and there
may be other issues to consider in addition to competition of other cations present,
such as a change in speciation (e.g. formation of cadmium chloride complexes) or
some other hindrance.
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Analysis of the alkali/alkaline-earth cation content should help to determine if these
cations are preferentially taken up by the ion exchange materials over the heavy
metals in the motorway stormwater based solutions.
Table 5.18 - Alkali/alkaline-earth cations (mg dm-3) in Ca-spiked simulated
motorway stormwater (SMS+Ca) before and after contact with ion
exchange materials
Na+ K+ Mgz+ Ca~+
Initial SMS+Ca nd nd nd 19
zeolite MAP 36±3 nd nd nd
zeolite Y 15± 1 nd nd nd
mordenite 4 ±o· 1 ± o' nd 5±1
lignite nd nd nd 6±1
- _..",nd notdetected« 1mgdm )
mean± standarddeviation(n = 2) O·= standarddeviation< 1
The initial calcium ion concentration is lower than expected, possibly because it did
not fully dissolve or is not present as Ca2+. The synthetic zeolites MAP and Y
exchange all of the calcium ions in solution for sodium ions in the zeolite. Mordenite
removes some calcium ions from solution by exchange with sodium and potassium
ions. The calcium ions could be exchanging with protons from lignite.
Table 5.19 - Alkali/alkaline-earth cations (mg dm-3) in Na-spiked simulated
motorway stormwater (SMS+Na) before and after contact with ion
exchange materials
Na+ K+ Mg~ Ca~+
Initial SMS+Na 100 nd nd nd
zeolite MAP 120± 1 nd nd nd
zeolite Y 108± O· nd nd nd
mordenite 88±8 7±1 nd nd
lignite 93 ± 11 1 ± o' 2 ±O· 4±1
- -,),nd notdetected« 1mgdm )
mean± standarddeviation(n = 2) o· = standarddeviation< 1
When sodium ions are initially present in solution, the levels are further increased by
the synthetic zeolit~s but decreased by mordenite and lignite. The synthetic zeolites
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release sodium by exchange with the heavy metals and hydronium ions. It appears
that potassium ions in mordenite replace sodium ions from solution, confirming
previous observations. This uptake of sodium ions could partially explain the lower
heavy metal removal found for motorway stormwater with mordenite. In a high
sodium environment, lignite exchanges some sodium ions in solution for potassium,
magnesium and calcium ions.
It is not possible to compare the levels of alkali/alkaline-earth cations released by the
ion exchange materials into the different types of solution because the initial pH
values of solutions were different (to retain the speciation of the heavy metals pH
adjustment was not carried out). This will affect the hydronium ion content, which
also takes part in exchange reactions. The initial pH of the sodium and calcium
spiked solutions were 3.8 and 7.0 respectively. The effect of the ion exchange
materials on solution pH is similar to previously discussed and results are given in
Appendix D.
5.2.5 Discussion of Motorway Stormwater Tests
Heavy Metals in Solution
The speciation of heavy metals in motorway stormwater is expected to be different
from a synthetic solution. In motorway stormwater, lead tends to be associated with
particulate matter, copper readily complexes with organic matter, zinc and cadmium
tend to be ionic (Morrison et al., 1990). From this it would be expected that the ion
exchange materials would more readily take up zinc and cadmium, but the opposite
is true, with low removal efficiency for both these metals. All ion exchange materials
tested exhibited a low affinity for zinc and cadmium and this does not change in a
motorway stormwater solution.
The presence of other compounds (such as NaCI and CaC03) in solution will alter
the speciation of the heavy metals, which may affect the ability of the ion exchange
materials to remove them from solution. For example, the formation of cadmium
chloro-complexes (Bingham et al., 1984) and lead carbonates (Baird, 1995) is a
possibility. Some variation in heavy metal removal was found with these compounds
present in solution, but the affects need to be investigated at a higher concentration
of heavy metals to assess the problem further.
The concentration of heavy metals detected in the spiked motorway stormwater
solution (MS+M) was significantly lower than the spiked doubly de-ionised water
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(SMS). This can be assigned to the heavy metals attaching to the fine particulate
present « 11 urn) and the formation of insoluble carbonate compounds. The
presence of these components in the stormwater in a treatment facility would
enhance the heavy metal removal, but not in the desired way of exchange and
retention by the ion exchange material. There was no major variation in heavy metal
removal from the different motorway stormwater solutions (different parts of
treatment facility/different site) by any of the ion exchange materials tested.
Synthetic Zeolites
The results from testing the ion exchange materials with motorway stormwater
solutions have shown that the synthetic zeolites MAP and Y perform best in terms of
heavy metal removal efficiency (- 100% of all heavy metals). There are no
significant differences between the synthetic and actual motorway stormwater
solutions or the source of stormwater, at the levels tested. However, in addition to
the practical problem of small particle size there are potential secondary problems
caused by the pH increase, the large amount of sodium released and the calcium
removed. This is particularly a problem with zeolite MAP, even though it would
remove greater quantities of heavy metals.
The removal of calcium and magnesium ions from motorway stormwater is a
concern because their presence can decrease the toxicity of the heavy metals by
competing for the active membrane sites in aquatic organisms (Playle et al., 1993,
Markich and Jeffree, 1994). The synthetic zeolites were able to remove the heavy
metals at the levels tested in addition to the calcium ions but their long-term use in a
treatment facility would be limited, as calcium would take up exchange sites.
Mordenite
The natural zeolite mordenite does not remove heavy metals as effectively as the
synthetic zeolites (23 %). This can be assigned to a number of factors: the granular
form, lower theoretical exchange capacity, impurities present, and the fact that it is
not in the homo-ionic sodium form. Heavy metal removal is also lower in the
motorway stormwater solutions, indicating there is something present that is either
competing for exchange sites within the zeolite or changing the speciation of the
heavy metals making them less readily exchanged. The selectivity of mordenite for
Pb > Cu > Zn - Cd is the same for both solution types and the uptake of zinc and
cadmium is more Significantly reduced in the motorway stormwater solution. This
implies competition is a more likely explanation for the lower removal in motorway
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stormwater. The presence of sodium and calcium in synthetic solution did decrease
the heavy metal uptake to some extent. The cation data showed that with no other
metals present in the heavy metal solutions, sodium ions are released from the
zeolite but when sodium is present in solution they are taken up by the zeolite in
exchange for potassium.
Ugnite
Lignite demonstrates reasonable levels of heavy metal removal from a motorway
stormwater based solution (79 %). Low levels of sodium and calcium ions are taken
up by lignite in exchange for potassium and magnesium ions. The motorway
stormwater matrix does not significantly affect the heavy metal removal efficiency.
5.2.6 Conclusions of Motorway Stonnwater Tests
Testing ion exchange materials with actual motorway stormwater has demonstrated
that synthetic zeolites (MAP and Y) are able to effectively remove heavy metals, but
in tum high levels of sodium are released and calcium ions are removed from
solution. The dissolved contaminants present in motorway stormwater do inhibit the
uptake of heavy metals by mordenite. Lignite shows reasonable heavy metal
removal in motorway stormwater with minimal implications, but the ion exchange
capacity is limited and so the material may not have a long useful lifetime in practice.
5.3 EFFECTS OF OTHER CONTAMINANTS
In addition to the heavy metal load, motorway stormwater contains a variety of other
chemical pollutants (e.g. dissolved road salt, fuel components) and compounds
found in natural waters (e.g. hardness, humic acid). These other 'contaminants' may
effect the ability of the ion exchange materials to remove the heavy metals by
providing competition for exchange sites or altering the speciation of the heavy metal
to forms that are not so readily exchanged. Simulated motorway stormwater
solutions with sodium chloride and calcium carbonate tested in Section 5.2.4
indicated some influence on the heavy metal removal that need to be investigated
further. This section presents results from a series of experiments examining the
influence of dissolved de-icinq salt and water hardness on the ability of the ion
exchange materials to remove heavy metals, or cause secondary problems, such as
the re-elution of ex~anged heavy metals.
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5.3.1 Road Salt
De-icing (road) salt is applied to the surface of motorways in cold weather periods to
prevent freezing (Section 1.2.4). The runoff stormwater from a motorway following an
application contains elevated levels of sodium and chloride ions. The effect this has
on the ability of the ion exchange materials to remove heavy metals needs to be
evaluated. There is also a potential problem with the high concentration of sodium
ions displacing the previously exchanged heavy metal ions contained within the ion
exchange material.
The powder synthetic zeolites MAP and Y (modal particle size 2.7, 5.0 urn), the
granular natural zeolite mordenite « 2 mm) and the carbon based material - lignite
(250 - 850 urn) were tested with three experiments designed to assess these
concerns:
• effect of road salt concentration on heavy metal removal;
• re-elution of heavy metals with extended contact time with road salt present;
• re-elution of heavy metals from maximum heavy metal exchanged materials
with high road salt concentration solutions.
Experimental
A stock solution was prepared using 20 g of de-icing road salt (collected from a
roadside container in Guildford) in 1 dm3 of doubly de-ionised water. This was found
to contain approximately 7000 mg dm-3 of sodium and portions of this were used to
prepare all test solutions. Low levels of heavy metals (Jlg g-1)may be present as
impurities in the road salt (Stotz and Krauth, 1994), but this was not be detected at
the levels of dilution necessary for analysis (Section 3.1.2). The standard shaking
procedure (Section 2.4) was followed for all experiments.
All solution analysis was carried out by AAS for heavy metals (Zn, Cu, Pb, Cd) and
alkali/alkaline-earth metals (Na, Ca, Mg). Large dilutions were necessary (up to 1000
fold) in order to determine sodium. For heavy metal analysis samples were also
diluted to ensure the level of sodium was below 500 mg dm-3to prevent interference
with the signal (Section 3.1.2).
Effect of Road Salt on Heavy Metal Removal
The initial heavy metal removal tests carried out in Section 4.1 and 5.1 were
repeated with varying levels of dissolved road salt present. Mixed heavy metal
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solutions (5 mg dm-3)with 5, 50 and 150 ern" of road salt stock solution in 500 cm"
(corresponding to measured values of 65, 667, 1981 mg dm-3 Na) were prepared.
The initial pH was adjusted to 5 (using 0.1 mol drn? nitric acid and 0.5 mol drn?
aqueous ammonia) and the pH of solutions after contact with the ion exchange
materials was recorded.
Zeolite MAP still showed 100% removal of the 5 mg drn? heavy metal solution at all
the salt concentrations tested. The ability of some ion exchange materials to remove
heavy metals from solution does appear to be inhibited by the presence of dissolved
road salt. Figure 5.8 shows how the heavy metal removal (%) varies with increasing
road salt concentration for lignite, mordenite and zeolite Y.
Lignite shows a gradual decrease in removal efficiency for copper, lead and zinc as
the sodium concentration increases. Cadmium appears to be more dramatically
effected with the removal efficiency falling from 48% to just 7% at the highest road
salt concentration (1981 mg dm-3Na).
Similar trends are exhibited for each heavy metal with mordenite. The removal
efficiency of each heavy metal decreases significantly at levels up to 667 mg dm?
sodium. but increasing concentrations of sodium in solution do not affect the removal
further.
Zeolite Y was able to completely remove the heavy metals at the lowest salt
concentration (65 mg dm? Na), but cadmium and zinc were not so effectively
removed at the higher concentrations. Only 13% of cadmium was removed at the
highest salt concentration (1981 mg dm-3Na). The removal of copper and lead was
relatively unaffected with efficiencies of 95 and 88 % respectively in the most
concentrated road salt solution.
Figure 5.8 also illustrates that in the presence of road salt, zeolite Y has a selectivity
series of Pb ....Cu > Zn > Cd. In the most concentrated road salt solution 45% of zinc
is removed compared to 13% of cadmium. However, in the heavy metal removal
experiments conducted in Section 4.3 the selectivity of zeolite Y for zinc and
cadmium was similar. The presence of the dissolved road salt appears to reduce the
affinity of the zeolite for cadmium. A possible explanation for this is the formation of
cadmium chloro-complexes, which decreases the amount of free cadmium ions
available for exchange into the zeolite.
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Alkali/alkaline-earth metals (Na, Ca, Mg) are present in the road salt solutions and
are contained within the ion exchange materials. Determination of their concentration
in solution allows the ion exchange reactions taking place to be identified.
Table 5.20 - Sodium concentration (mg dm") in heavy metal road salt solutions
initially and after contact with ion exchange materials
HM only Salt 1 Salt2 Salt3
Initial Na 0 65 667 1981
lignite 1±0 65 ± 1 704 ± 87 1952 ± 10
mordenite 12 ± 1 69 ± 1 633 ± 13 1928 ± 25
zeolite Y 35 ± O· 93 ± 1 678 ±6 2017 ± 22
zeolite MAP 64 ± o' 111 ± o' 719 ± 21 2027 ± 0
mean ± standard deviation (n = 2) o = standard deviation < 1
There is a decrease in sodium concentration in the highest road salt solution (Salt 3)
after contact with lignite and mordenite, indicating exchange of sodium from solution
into the materials. The sodium content of solution increases after contact with the
synthetic zeolites. This is higher with zeolite MAP, owing to the higher extent of
heavy metals removed and hydronium ion exchange.
Table 5.21- Calcium concentration (mg dm-3) in heavy metal road salt solutions
initially and after contact with ion exchange materials
HM only Salt 1 Salt2 Salt3
Initial Ca 0 1.0 11.3 33.6
lignite 5.1 ±o 10.2 ± 2.0 22.5 ±0.4 47.2±0.1
mordenite 1.0 ± O· 3.6 ±0.1 18.5 ±0.3 44.9 ± 0.1
zeolite Y nd nd 2.6 ± 1.2 27.0 ± O·
zeolite MAP nd nd nd nd
- _--"nd not detected « 0.1 mg dm )
mean ± standard deviation (n = 2) O' = standard deviation < 0.1
Calcium is exchanged into the synthetic zeolites (MAP and y) but exchanged from
mordenite and lignite. As expected from its high ion exchange capacity, zeolite MAP
completely removes the calcium.
Magnesium is also released from mordenite and lignite. and taken up by the
synthetic zeolites, ~lthough not to such an extent as calcium (Table 5.22).
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Table 5.22 - Magnesium concentration (mg dm-3) in heavy metal road salt
solutions initially and after contact with ion exchange materials
HM only Salt 1 Salt2 Salt3
Initial Mg 0 nd 0.4 1.7
lignite 2.4 ± 0.1 2.6 ±0.9 4.3 ± 0.2 6.9 ± 0.1
mordenite 0.5 ± O· 1.6 ± O· 3.4 ± 0.1 6.0 ±0.2
zeolite Y nd nd 0.3 ± O· 1.6 ± O·
zeolite MAP nd nd nd 0.7 ±0.3
- _"""nd - not detected « 0.1 mg dm )
mean ± standard deviation (n = 2) O·= standard deviation < 0.1
The pH of solution after contact with the ion exchange materials appears to be
dependent on the level of dissolved road salt (Table 5.23). Lignite shows a decrease
in pH as protons exchange for the alkali/alkaline-earth metals in solution, this occurs
to a greater extent when there are more ions in solution at the highest concentrated
road salt solution. The pH increase to alkaline levels that occurs on contact with
zeolites is not as great in the higher concentration road salt solutions. The presence
of a large amount of sodium ions may inhibit the uptake of the hydronium ions.
Table 5.23 - pH of heavy metal road salt solutions after contact with ion exchange
materials (initial pH = 5)
HM only Salt 1 Salt2 Salt3
lignite 4.2 4.4 4.1 3.8
mordenite 5.9 5.5 5.2 5.0
zeolite Y 6.5 7.6 6.7 6.2
zeolite MAP 9.6 9.3 8.9 8.6
Zeolite MAP was the only material tested where the heavy metal removal was not
affected by the presence of dissolved road salt (at a mixed concentration of 5 mg
dm-3). The road salt effected the uptake of all heavy metals in a similar way with
mordenite and lignite. Zeolite Y showed a severe decline in cadmium removal with
increasing levels of road salt, but lead and copper uptake was not significantly
affected. The cation data suggests that at a high solution concentration sodium is
removed from solution by lignite and mordenite, possibly in preference for the heavy
metals. This is not true of zeolite Y as it continues to release sodium. Cadmium
chloride complexes could form in solution, which are not readily taken up by zeolite
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Y. Zeolite MAP removes calcium and magnesium from solutions and releases
significant amounts of sodium. Despite the high concentration of sodium present in
solution the synthetic zeolites continue to release sodium rather than remove it. This
shows the low affinity these materials have for sodium, which is advantageous for
this application.
In the motorway stormwater solutions where large concentrations of calcium and
sodium were present, lignite and mordenite exchanged with calcium in solution in
place of sodium, magnesium and potassium ions. In the dissolved road salt solutions
sodium is in greater excess than calcium and sodium is taken up by the materials in
place of calcium and magnesium. Unfortunately it was not possible to analyse the
potassium content by AAS due to severe ionisation interferences (Section 3.1.2).
Re-elution of Heavy Metals with Extended Contact Time
It was proposed that with a longer contact time and the presence of sodium in
solution, heavy metals may exchange in and out of zeolites (Buckley, 2000). This
would be indicated by a reduction of heavy metal removal efficiency with time or
considerable variation in the results.
A 5 mg dm-3 mixed heavy metal solution with a high road salt content (- 1000 mg
dm? Na) was shaken with the ion exchange materials for varying contact times - 10
min, 1 hr, a h, 24 hr.
The results showed that in fact the main trend noticed was an increase in the
proportion of heavy metals removed with extending the time, as a greater opportunity
for exchange is provided (Figure 5.9). Zeolite MAP was again capable of removing
all heavy metals at each contact time tested.
Mordenite shows a significant increase in lead removal from around 20% after 10
minutes to 75% after 24 hours. This confirms postulations in Section 5.1 that a
longer contact time is necessary for heavy metals to access exchange sites in large
grain size zeolites. The removal efficiency for each heavy metal increases with time
by the same trend with lignite. The removal efficiencies with zeolite Y in the presence
of road salt remained fairly constant over time. This was also observed in the contact
time experiments in Section 4.3.5.
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The variation of the concentration of alkali/alkaline-earth metals (Na, Ca, Mg) over
the contact times used is shown in Tables 5.24-26.
Table 5.24 - Sodium concentration (mg cm") in solution before and after contact
with ion exchange materials for varying periods of contact time (min)
Contact time (min)
0 10 60 480 1440
lignite 997 966±5 976 ± O· 973 ± O· 976 ±1
mordenite 997 950 ±47 984 ±43 950±5 949±9
zeolite Y 987 1081 ± 12 1028 ± 12 1033 ±7 1022 ± 1
zeolite MAP 987 1013±10 1033 ± 9 1040 ± 15 1024 ± 9
.. ..
mean ± standard deviation (n = 2) o = standard deviation < 1
The levels of sodium present in solution after contact with the materials do not show
any significant trends with time. In some cases the repeatability is poor, partly due to
enhancement of errors with the high dilution factors. There is a decrease in sodium
concentration in solution on contact with lignite and mordenite, suggesting sodium is
taken up by these materials in addition to the heavy metals. Sodium continues to be
released from the synthetic zeolites MAP and Y.
Table 5.25 - Calcium concentration (mg dm-3) in solution before and after contact
with ion exchange materials for varying periods of contact time (min)
Contact time (min)
0 10 60 480 1440
lignite 16.0 32.5 ± 0.1 35.1 ± 0.2 38.1 ± 0.3 38.7±0.6
mordenite 16.0 25.0 ±0.3 26.9 ±0.2 29.3 ± 1.0 30.2 ±0.2
zeolite Y 15.8 9.3 ± 1.3 9.3 ± 1.3 9.4 ±0.2 9.1 ±0.1
zeolite MAP 15.8 nd nd nd nd
...;" .. -nd = not detected « 0.1 mg dm ) mean ± standard deviation (n - 2)
Calcium is released from lignite and mordenite and there is a slight increase with
time, corresponding to the increased heavy metal exchange found. Zeolite Y
removes more calcium over time, and zeolite MAP removes all calcium present. The
solution concentration of magnesium also increases over time with lignite and
mordenite (Table 5.25). Magnesium levels are not significantly altered by the
synthetic zeolite Y and MAP removes all the magnesium present.
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Table 5.26 - Magnesium concentration (mg dm-3) in solution before and after
contact with ion exchange materials for varying periods of contact
time (min)
Contact time (min)
0 10 60 480 1440
lignite 0.6 5.4 ± 0.1 6.7 ± O· 8.2±0.3 8.7 ±0.3
mordenite 0.6 4.1 ±0.2 4.5 ±0.2 5.4 ±0.4 7.8±2.6
zeolite Y 0.6 0.5 ± O· 0.6 ± O· 0.6 ± O· 0.6±0·
zeolite MAP 0.6 nd nd nd nd
- -3,nd - not detected « 0.1 mg dm )
mean ± standard deviation (n = 2) O·= standard deviation < 0.1
Increasing the contact time of a road salt/heavy metal solution increased the uptake
of heavy metals with time for mordenite and lignite. The levels of calcium and
magnesium released also increase with time confirming that further exchange has
occurred. Sodium is removed from solution by these materials, but there was no
relation to the Contacttime observed.
The removal efficiency of zeolite Y for each heavy metal remained fairly constant
with time. This was similar to findings of the batch experiments in Section 4.3.5. It is
thought that the exchange reaction takes place rapidly and no further exchange sites
can be accessed. Zeolite MAP showed 100 % removal of all heavy metals at each
contact time. Sodium is released from both synthetic zeolites and calcium is
removed.
Re-elution of Heavy Metals from Maximum Heavy Metal Exchanged Materials
A serious concern relating to the use of ion exchange materials is that they will re-
exchange the previously removed heavy metals if a high concentration of sodium
(from de-icing salt) washes through the treatment system. This is particularly a
concern with zeolites, which are usually 're-generated' by exposing them to a
concentrated sodium solution.
The ion exchange materials were equilibrated with a highly concentrated heavy
metal solution containing equal amounts of each ion. This will generate a maximum
exchanged form, although in a treatment facility this would be a gradual build-up of
.low levels of heavy metals. Different mixed heavy metal concentrations were used
for each ion exchange material according to their exchange capacities (7 mmol dm-3
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of each heavy metal for zeolite MAP, 1.4 mmol dm? for zeolite Y, 0.7 mmol dm? for
mordenite and lignite). A longer shaking time of 6 hours was used in order to achieve
maximum possible heavy metal substitution (this was found to be the optimum
contact time in experiments in Section 4.3.5). The materials were dried overnight (40
QC)and then shaken with road salt solutions of varying concentrations (50,100,150
cm3 of stock road salt solution in 500 cm3 doubly de-ionised water, corresponding to
653, 1340, 2022 mg drn? of Na) for a 10 min period. This short contact time is
designed to simulate runoff entering a motorway stormwater treatment facility. Heavy
metal exchanged materials were also contacted with doubly de-ionised water to
determine if any re-elution is a result of the road salt. This was not done in duplicate,
as there was insufficient material.
The heavy metal content of the exchanged materials varied between heavy metal
and material. The uptake (meq g-1) and proportions (relative to different starting
concentrations) are shown in Table 5.27 (calculated using equations 5.2-5.4). All ion
exchange materials preferentially take up lead and zeolite MAP exchanged the
greatest quantity of heavy metals.
Table 5.27 - Total uptake (meq g-1) and proportion (%) of each heavy metal
removed from solution by the ion exchange materials
TOTAL Zn Cu Pb Cd
zeolite MAP 3.01 0.24 (15%) 0.72 (50%) 1.42 (100%) 0.63 (43%)
zeolite Y 0.32 0.04 (12%) 0.08 (28%) 0.17 (60%) 0.03 (12%)
mordenite 0.13 0.01 (5%) 0.01 (6%) 0.10 (75%) 0.01 (5%)
lignite 0.17 0.01 (8%) 0.05 (37%) 0.08 (59%) 0.01 (10%)
All of the heavy-metal-exchanged materials released heavy metals on contact with
the road salt solutions. As predicted, the amount of heavy metals released was
found to increase with increasing road salt concentration. The well-retained heavy
metals were copper and lead, as expected on the basis of their selectivity (shown in
previous experiments in this section).
Figure 5.10 shows the release of heavy metals (%) with increasing sodium
concentration for each ion exchange material.
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Mordenite exchanged a low amount of heavy metals from solution, although quite a
proportionally high amount of lead. Lead was also the only heavy metal even
partially retained on contact with road salt solutions. This causes great concern in its
potential application. In doubly de-ionised water rnordenite even releases 43, 57,
30% of copper, zinc and cadmium, respectively. This could suggest that the metals
were not removed from solution by exchange within the zeolite but were surface
sorbed. In these calculations it is assumed that the difference in solution
concentration initially and at equilibrium equates to the amount within the ion
exchange material.
Results for lignite and zeolite Y were similar. Copper and lead were selectively taken
up by the materials and were then well retained on contact with road salt solutions,
compared to cadmium and zinc. In low road salt solutions the amount of heavy
metals released appears to be proportional to the sodium concentration but there
was no significant increase between the highest concentrations (1340 - 2022 mg
dm"),
Zeolite MAP contained the highest quantity of heavy metal ions, but only a very small
proportion were released, even with the highest concentration of sodium (2022 mg
dm-3) in solution. Cadmium was the most readily released and showed an increase
with sodium concentration with around 10 % (36 mg dm") released at the highest
concentration. Lead is selectively taken up by the zeolite and also appears to be
strongly retained (only around 0.1% is released - corresponding to approximately 1
mg dm-3).This shows a major potential advantage of using this zeolite in a motorway
stormwater detention pond.
The exchanged materials contain heavy metals in addition to hydronium, sodium,
calcium and magm,sium ions. They are then exposed to a solution containing high
levels of sodium (plus some magnesium, calcium and hydronium ions). There are
thus several ion exchanqe processes that could be occurring.
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Table 5.28 - Sodium concentration (mg dm-3) in road salt solutions initially and
after contact with heavy metal exchanged-materials
SaitO Salt 1 Salt2 Salt3
Initial Na 0 653 1340 2022
lignite nd 655±4 1308 ± 3 1869 ± 143
mordenite 4 653 ±25 1277 ± 8 2174 ± 99
zeolite Y 8 648 ± O' 1298 ± 9 1886 ± 221
zeolite MAP 54 686 ± O' 1370 ± 1 2162 ± 111
- _"",nd not detected « 0.1 mg dm )
mean ± standard deviation (n = 2) O' = standard deviation < 1
Zeolite MAP still increases the sodium concentration in solution, as it may still be
able to exchange hydronium ions from solution, indicating its capacity was not
reached. Sodium in solution appears to be replacing the heavy metals in the other
materials as a general decrease in measured sodium was observed. However, the
results are quite variable. Zeolite Y has previously been observed to exchange
sodium in the zeolite for heavy metals in solution. However, when the heavy metals
are in the zeolite phase it appears they can exchange with sodium from solution.
Table 5.29 - Calcium concentration (mg dm-3) in solution before and after contact
with heavy metal exchanged-materials for varying salt concentrations
SaitO Salt 1 Salt2 Salt3
Initial Ca 0 11.2 22.7 33.4
lignite 1.5 13.6±O.1 24.1±0.1 32.3 ± 0.1
mordenite 0.8 16.1 ±O.2 28.8 to' 39.5 ± 0.1
zeolite Y nd 6.7 ± 0.1 14.6 ± O· 24.4 ± 0.2
zeolite MAP nd 8.0 ± 0.1 17.1±0· 29.1 ± 0.1
_ -",
nd = not detected « 0.1 mg dm )
mean ± standard deviation (n = 2) O' = standard deviation < 0.1
The synthetic zeolites decrease the levels of calcium in solution, probably by
exchange with heavy metals in zeolite but not to such an extent as the pure sodium
form of the zeolites, Interestingly, in this case zeolite Y exchanges more calcium
from solution than zeolite MAP. This shows that zeolite MAP prefers to retain the
heavy metals, whilst zeolite Y more readily exchanges them for calcium in solution.
Mordenite increases the levels of calcium, possibly through sodium exchange from
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solution. Levels of calcium after contact with lignite do not show any significant
change. There is a slight increase in magnesium in solution after contact with lignite
and mordenite, and a decrease with synthetic zeolites (again less with zeolite MAP).
Table 5.30 - Magnesium concentration (mg drn") in solution before and after
contact with heavy metal exchanged-materials for varying salt
concentrations
SaitO Salt 1 Salt2 Salt3
Initial Mg 0 0.7 1.2 1.5
lignite 0.5 1.2 ± o' 1.4 ± o' 1.7 ±o·
mordenite 0.6 1.4±0.1 1.4 ± 0.1 1.5 ± 0.1
zeolite Y nd 0.5 ± O· 0.6±0· 1.0 ± O·
zeolite MAP nd 0.5 ± O· 0.6±0· 0.9 ± O·
- -oJ1nd - not detected« 0.1 mgdm )
mean± standarddeviation(n = 2) O·= standarddeviation< 1
All of the exchanged materials release heavy metals to varying extents, on contact
with road salt solutions. Zeolite MAP was good at retaining the heavy metals with
only 10% of cadmium released at the highest road salt solution (2022 mg dm-3Na). It
has a very low affinity for sodium ions. In contrast, mordenite was particularly poor,
releasing all heavy metals, except lead, at even the lowest road salt solution (653 mg
dm-3 Na). Lead was well retained by all the ion exchange materials whereas
cadmium was readily released, highlighting the affinity of the materials for different
heavy metals.
The sodium in the road salt solution exchanged with the heavy metals in mordenite
and lignite. The heavy metals in the exchanged synthetic zeolites are replaced with
calcium and magnesium from solution, but zeolite Y also exchanges some sodium.
Conclusions of the Effects ofRoad Salt
The presence of dissolved road salt does effect the ability of the ion exchange
materials to remove heavy metals from solution. Zeolite MAP was still able to
remove 5 mg dm-3mixed heavy metals in the presence of around 2000 mg drn? Na,
by ion exchange with sodium from the zeolite. The other materials (lignite,
mordenite, zeolite y) show a decrease in heavy metal removal with increasing road
salt in solution. The removal of cadmium and zinc is more severely affected than
copper and lead.
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The main reason for the reduction in heavy metal removal with mordenite and lignite
appears to be competition from sodium ions for exchange sites. There was no major
uptake of sodium noticed after contact with zeolite V, suggesting competition is not
the cause of the lower removal efficiency. Cadmium removal was particularly
affected by the presence of road salt. Therefore, a possible explanation is that
cadmium forms complexes with the chloride ions in the road salt solution which are
not as readily taken up by the materials as the free cadmium ions.
Increasing the contact time did not indicate any re-release of heavy metals. In fact
the removal efficiency was enhanced, for lignite and mordenite, by the longer
equilibration period.
However, re-exchange of heavy metals did occur when heavy metal-exchanged
forms of the materials were mixed with road salt solutions. Mordenite releases all
heavy metals even at low salt concentrations, making it unsuitable for this
application. Zeolite MAP exchanges a high amount of heavy metals and they are
well retained even at the high salt solutions. Cadmium and zinc are less favoured for
removal by all ion exchange materials tested and are more readily released back into
solution.
These results have highlighted some concerns for using ion exchange materials for
removing and retaining heavy metals from motorway stormwater due to the seasonal
presence of dissolved road salt.
5.3.2 Water Hardness
Natural waters and runoff from surrounding land may have high levels of Ca2+ and/or
Mg2+which contribute to the hardness. This is a measure of the amount (mg dm-3) of
CaC03 in water and can be determined by titrations with EDTA (Baird, 1995). The
categories are (http://www.wessexwater.co.uk, 2002):
• hard water> 200 mg dm-3;
• moderately hard water = 100 - 200 mg drn";
• soft water < 100 mg dm-3.
The presence of calcium carbonate in the simulated motorway storrnwater prepared
in Section 5.2.4 affected the initial heavy metal concentration and the removal
efficiency. This is investigated further in this section. The excess of calcium ions
could compete for exchange sites, reducing the capacity of the ion exchange
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material to remove heavy metals or the carbonate anion could combine with the
heavy metals reducing their concentration by forming insoluble compounds.
A project by Lerner (2002) investigated the effect of calcium carbonate concentration
on mordenite, clinoptilolite and synthetic zeolite X pellets. It was found that there was
some reduction in heavy metal removal with the presence of calcium carbonate,
although results appeared highly variable. One important finding was that the initial
concentration of lead was lower in the presence of calcium carbonate.
Initial experiments were conducted to investigate the effect of various types of
calcium compound (nitrate, sulphate, carbonate) on the heavy metal signal (Cu, Zn,
Pb, Cd) by AAS (Appendix A). There was a slight reduction in signal with calcium
present, but no clear relationship to calcium concentration. However, the presence of
carbonate did significantly reduce the lead concentration measured. Lead is known
to readily form insoluble carbonate compounds (Baird, 1995) and so this is the most
likely explanation.
The effect of calcium and water hardness on the uptake of heavy metals on the four
key materials (synthetic zeolites MAP and Y, mordenite, and lignite) was tested by
two experiments:
• effect of calcium carbonate concentration on heavy metal removal; and
• effect of calcium co-anion on heavy metal removal.
Experimental of Water Hardness Tests
Calcium based stock solutions (1000 mg dm·3) were prepared by dissolving
appropriate amounts of calcium compounds (nitrate and carbonate) in doubly de-
ionised water. The standard shaking procedure (Section 2.4) was followed using
solutions containing 5 mg dm-3of mixed heavy metals (Zn, Cu, Pb, Cd) in addition to
25, 50, 150 cm3 of calcium carbonate stock solution and 50 cm3 of calcium nitrate
stock solution. The pH was adjusted to 5 (using 0.1 mol drn? nitric acid and 0.5 mol
dm-3aqueous ammonia) and measured again after contact.
Effect of Calcium Carbonate Concentration on Heavy Metal Removal
The heavy metal removal of the synthetic zeolites MAP and Y was unaffected by the
presence of calcium carbonate (- 100 % for all heavy metals). There was some
variation in remcval efficiency observed with mordenite and lignite as shown in
Figure 5.11.
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Figure 5.11 - Influence of Ca (mg om") as carbonate on heavy metal removal (%)
mean ± standard deviation (n = 2)
The lead removal appears to be higher for mordenite in the presence of calcium
carbonate, but slightly lower for the other heavy metals. The removal of lead, copper
and cadmium by lignite is increased by the calcium carbonate in solution. This could
indicate that the formation of insoluble carbonates is promoted. There is little
variation with increasing calcium concentration.
The effect of the ion exchange materials on the solution pH is similar for the different
concentrated calcium carbonate solutions (Table 5.31). The zeolites make the
solution more alkaline (uptake of hydronium ions) and lignite gives a more acidic pH
(release of protons).
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Table 5.31 pH of calcium carbonate solutions after contact with ion exchange
materials (initial pH = 5)
CaC03-1 CaC03- 2 CaC03- 3
zeolite MAP 9.3 9.3 9.4
zeolite Y 6.6 6.5 6.5
mordenite 5.3 5.4 5.4
lignite 4.3 4.5 4.7
Effect of Calcium Co-anion on Heavy MetaJ Removal
Calcium nitrate and carbonate were tested to evaluate whether the type of anion
effects the heavy metal removal. The carbonate anion tends to form insoluble
compounds with the heavy metals, but with nitrate the calcium present is more likely
to be ionic and compete with the heavy metals for exchange sites in the materials
(heavy metals in solution are in the nitrate form).
It was found that the presence of calcium nitrate had a different effect on heavy
metal removal from the same level of calcium carbonate. Figure 5.12 shows the
removal efficiency is enhanced by the presence of calcium carbonate, especially for
lead (e.g. 42 - 72 % with mordenite), whereas calcium nitrate decreases the uptake
of heavy metal.
Heavy metal removal with zeolite Y was unaffected by the presence of calcium
carbonate. However, a reduction in the uptake of zinc and cadmium (82, 76 %) was
observed with calcium nitrate in solution. This suggests that calcium does provide
some competition for exchange sites, but there is an additional mechanism occurring
when carbonate is the counter-ion (e.g. formation of insoluble species). Zeolite MAP
showed complete r,moval of heavy metals in all both calcium solutions.
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Figure 5.12 - Heavy metal removal efficiency (%) of lignite and mordenite from
solutions containing 0 and 100 mg dm-3 of calcium carbonate and nitrate
mean ± standard deviation (n = 2)
Table 5.32 - Concentration (mg dm") of sodium in heavy metal/calcium solutions
after contact with ion exchange materials
OCa CaCOl -1 CaCOl- 2 CaCOl-3 CaNOl
Initial Na 0 0 0 0 0
lignite 0.9 ± O' 1.3 ± 0.4 0.9 ±O' 0.9 ±O' 1.1 ± 0.2
mordenite 11.6±0.5 7.7 ±O' 7.6 ± O' 6.8±0
.
13.7 ± O'
zeolite Y 35.2 ± 0.1 43.4 ± O' 43.2 ± O· 50.3 ± O' 92.7 ± O·
zeolite MAP 64.0 ± O' 78.3 ± O' 77.4 ± O· 80.6 ± O' 158.1±0·
mean ± standard deviation (n = 2) o = standard deviation < 0.1
Similar levels of sodium are released into all solutions after contact with lignite. This
implies sodium is not involved in any exchange processes with the calcium.
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Mordenite releases less sodium in the calcium carbonate solutions than the heavy
metal only solution. This indicates less exchange has occurred and the increased
removal observed with lead is therefore likely to be the formation of insoluble
carbonate species.
All zeolites release substantially more sodium in the nitrate solution than in the
calcium carbonate solutions, which do not vary with increasing concentration. This
suggests that the calcium ions in nitrate solution exchange with sodium in the
zeolites, but the calcium in the carbonate solution is not present as free ions or the
soluble proportion is lower. There is no evidence for an increase in hydronium
exchange reaction from the pH data (Table 5.31) to explain the higher sodium levels.
Table 5.33 - Concentration (mg dm-3)of calcium in heavy metaVcalcium solutions
after contact with ion exchange materials
OCa CaC03-1 CaC03- 2 CaCO,- 3 CaNOl
Initial Ca 0 40.3 102.3 394.8 96.1
lignite 5.1 ± O· 30.2 ± 0.2 33.7 ±0.2 38.8 ± 0.1 94.0 ±3.4
mordenite 1.0 ± O· 19.2±1.7 19.6 ± 0.8 25.4 ± 0.5 88.0 ±0.4
zeolite Y nd nd nd nd 23.6 ± 1.3
zeolite MAP nd nd nd nd nd
.-"nd = not detected « 0.1 mg dm )
mean ± standard deviation (n = 2) O' = standard deviation < 0.1
Lower levels of calcium are found in the carbonate solutions; it is possible that the
carbonate did not fully dissolve and was removed in the centrifugation process (initial
levels were measured without centrifugation step). Calcium (nitrate) is removed from
solution by all materials, to a greater extent by the synthetic zeolites than by
mordenite and lignite.
Magnesium appears to exchange with the calcium in solution from lignite and
mordenite; slightly more magnesium is released into the nitrate solution, implying a
greater level of exchange (Table 5.34).
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Table 5.34 - Concentration (mg dm-3) of magnesium in heavy metal/calcium
solutions after contact with ion exchange materials
OCa CaC03-1 CaC03- 2 CaC03- 3 CaN03
Initial Mg 0 0 0 0 0
lignite 2.4 ± 0.1 3.5 ± 0.1 3.7±0.1 3.4 ±0.3 3.8±0.1
mordenite 0.5 ± O· 1.5 ± 0.1 1.6 ± 0.1 1.6 ± O· 2.1 ± o'
zeolite Y nd nd nd nd nd
zeolite MAP nd nd nd nd nd
- _"'nd not detected « 0.1 mg dm )
mean ± standard deviation (n = 2) o· = standard deviation < 0.1
Conclusions of the Effect of Water Hardness on Heavy Metal Removal
Calcium present in solution as carbonate is a problem for the removal of heavy
metals by ion exchange materials. The carbonate anions present promote the
formation of insoluble heavy metal compounds (especially for lead). The removal of
heavy metals by precipitation of insoluble species is not a desirable process as they
may be readily solubilised by changing solution chemistry (e.g. decrease in pH). The
extent of this additional removal mechanism has not been quantified.
However, when calcium nitrate was used the calcium ions did compete for exchange
sites with the heavy metals and a reduction in removal efficiency was observed. The
speciation of calcium in solution is important in determining the affect on heavy metal
removal. The removal of zinc and cadmium was particularly affected, as the
materials have a IQweraffinity for these heavy metals. Zeolite MAP, again proved
unaffected by these solution conditions at the levels tested.
5.3.3 Discussion of the Effect of Contaminants
The presence of other contaminants in solution can affect the uptake of heavy
metals by competing for exchange sites within the ion exchange material or altering
the speciation of the heavy metals and subsequently reducing their uptake.
Competing Cations
The results of this work found competition from sodium and calcium ions in solution
inhibits the uptake of heavy metals by mordenite and lignite. Cadmium and zinc were
particularly affected compared to lead. This is due to the selectivity of the materials
for these heavy m$als, which becomes more pronounced in the presence of other
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cations. Studies in the literature examining the effect· of competing cations on heavy
metal removal by zeolites have found calcium to be a major interferrent (Bremner
and Schultze, 1995; Zamzow and Schultze, 1995). It is commonly found that lead
removal is affected at much high concentrations of competing ions than other heavy
metals (Zamzow et al., 1990; Olin and Blicka, 1998). The presence of alkali/alkaline-
earth cations has also been found to compete for exchange sites in carbon sorbents
(similar to lignite), reducing the uptake of heavy metals (EI-Shafey et al., 2001).
The implication of the uptake of non-target cations is that a greater quantity of
material is needed to treat the motorway stormwater to remove the heavy metals or
the maintenance of the material would be more frequent.
Change in Speciation
In the experiments presented here the formation of cadmium chloride complexes in
dissolved road salt solutions is likely to be responsible for the lower removal
observed for the ion exchange materials, particularly zeolite Y. This is likely as
cadmium has been found to complex with chloride ions in motorway stormwater
(Bingham, 1984; NorrstrOm and Jacks, 1998).
Zeolites are effective at removing heavy metal cations from solution but a change in
speciation could result in heavy metal forms that have reduced accessibility or
affinity for the ion exchange sites. For example, at a solution pH above 10 anionic
hydroxo-Iead compounds can form which have a lower affinity with zeolites and the
presence of organic ligands, such as phenol, can yield complexes with the heavy
metals which are too large to access the zeolite framework (Mier et al., 2001).
Organic Component
Motorway stormwater can contain a variety of organic chemicals (polyaromatic
hydrocarbons, polychlorinated biphenyls, chlorinated methanes and phenols) and
compounds (oil, grease, hydrocarbons and alkyl lead compounds) (Hares and Ward,
1999). Experiments were not conducted to assess the influence of the presence of
organic matter on heavy metal removal, owing to the variety of possible different
species present and difficulties in analysis. The presence of organiC species is likely
affect heavy metal uptake by ion exchange materials as it is known that access to
the channels in the zeolite framework may be restricted by large organo-metallic
complexes (Mier et al., 2001). It would be expected that this would be more of a
problem for copper as it is commonly found associated with strongly complexed
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organic ligands in wastewater (Lara-Cazenave et a/.,1994; Sedlak et al., 1997).
Leinonen and Lehto (2001) found activated carbon, made from lignite, was effective
at reducing the levels of metals from solution with complexing agents present, but
has a low overall sorption capacity.
Conclusions of Contaminants Study
Dissolved road salt can restrict the uptake of heavy metals and releases exchanged
heavy metals from the materials, to varying extents. Calcium carbonate enhances
the heavy metal removal, probably through the formation of insoluble carbonate
compounds. However, calcium, as nitrate, does compete for exchange sites in some
materials, highlighting the need to consider co-ion.
These experiments have provided important information in considering a suitable
material for use in treating motorway stormwater. The heavy metal uptake of
mordenite is inhibited by the presence of additional sodium and calcium in solution.
In addition, the heavy metals were almost completely released when dissolved road
salt is contacted with it. In contrast, zeolite MAP was capable of removing all heavy
metals (5 mg drn") in the presence of high concentrations of sodium and calcium
and retained the high quantities of exchanged heavy metals in the presence of
dissolved road salt.
5.4 CHAPTER SUMMARY
This chapter has tested a range of ion exchange materials which may be suitable for
use in a stormwater treatment system based on their 'large grain size', making them
easy to contain and control. Heavy metal removal efficiency was found to be
substantially lower in the synthetic zeolite pellets than the powder forms, owing to
the reduced specific surface area. A compromise between heavy metal removal
capabilities and a practical size needs to be reached for a suitable material. The
experiments indicated that zeolite X pellets, granular mordenite and lignite appeared
to be the most appropriate out of the materials tested, in terms of heavy metal
removal efficiency.
The ability of ion exchange materials to remove heavy metals from actual motorway
stormwater was tested with spiked runoff collected from a detention pond. The
synthetic powder zeolites (MAP and y) proved to be the most efficient at removing
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heavy metals in this medium. Comparison of the removal efficiency of heavy metals
from simulated and actual motorway stormwater highlighted an important difference
with mordenite. The uptake of all heavy metals was reduced by the presence of
other dissolved contaminants present in the motorway stormwater matrix. This
reduction is likely to be a result of the presence of other ions (e.g. sodium)
competing for exchange sites. This shows a disadvantage of mordenite for use in
this application and confirms the need to test materials in realistic solution
conditions.
The effects of some contaminants present in motorway stormwater were
investigated. Dissolved road salt is a significant concern as it reduces the ability of
some ion exchange materials to remove heavy metals from solution. This is either
through competition of sodium ions for exchange sites or the formation of chloride
complexes which are not readily taken up. Sodium ions can also cause exchanged
heavy metals within the materials to re-elute into solution, the extent being related to
the concentration of road salt. Cadmium and zinc are the metals most affected by
these problems.
The ability of zeolite MAP to remove heavy metals from solution (5 mg dm-3) was not
effected by dissolved road salt (up to 2000 mg dm-3 Na) or calcium in either form
(carbonate or nitrate). Zeolite MAP has a high ion exchange capacity and a low
affinity for sodium ions in solution. The other advantage of this zeolite is that it
proved capable of removing a high quantity of heavy metals from solution which are
then well retained on contact with road salt solutions.
However, there are other concerns on the use zeolite MAP in a treatment system. It
would be difficult to control owing to its small particle size and it changes the
environmental chemistry of the water; the pH becomes alkaline, calcium ions are
removed and large amounts of sodium ions are released. The implications of this to
the general aquatic environment and the speciation of the heavy metals (hence
mobility and toxicity) would need to be considered before the material could be used.
In general, this work has balanced the performance of a material in laboratory
experiments with environmental considerations and the materials were tested in
more realistic conditions to the application of treating motorway stormwater.
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6.0 OVERVIEW
Stormwater runoff from motorway surfaces contains toxic heavy metals, arising from
the wear-and-tear of vehicles and additives in oil and petrol (Ward, 1990; Sansalone
and Buchberger, 1997). Drainage systems primarily control the flow of the runoff,
providing some degree of treatment by providing time for particulate-associated
heavy metals to settle out (Yousef et al., 1990; Pontier et al., 2001). However, the
heavy metals in the dissolved phase are not adequately removed (Hares, 2000) and
heavy metals in the sediment can be re-suspended (Yousef et al., 1988).
The aim of this research was to investigate various inorganic ion exchange materials
for reducing and retaining dissolved heavy metals (Zn, Cu, Pb, Cd) from motorway
stormwater runoff. The objectives stated in Section 1.7 have been completed:
• development of suitable analytical methods for the analysis of motorway
stormwater and synthetic heavy metal solutions;
• design and implementation of an experimental method to test the ability of
candidate materials to remove heavy metals from solution;
• investigation into the mechanism by which heavy metals are removed from
solution by the ion exchange materials;
• assessment of the ion exchange behaviour/capabilities of suitable materials;
• testing of selected ion exchange materials in motorway stormwater matrix
and consideration of key contaminants (dissolved road salt).
The experimental work was presented in two main chapters - initial heavy metal
removal tests and application focused experiments. The main conclusions of each
will be discussed in the following sections.
6.1 SUMMARY OF INITIAL HEAVY METAL REMOVAL TESTS
6.1.1 Initial Heavy Metal Removal Tests
The ability of different types of ion exchange materials to remove 5 mg dm-3 of each
heavy metal (Zn, Cu, Pb, Cd) from a mixed solution in a 10 minute shaking time was
tested. It is lmportant to assess the heavy metal removal in a short period of time as
this best represents the contact time in a motorway stormwater treatment facility.
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The ion exchange materials identified as potentially suitable for the application were:
• zeolites - high ion exchange capacities and an affinity for heavy metals
(Colella, 1999);
• clays/pillared clays recommended for use in a saline environment
(Matthes et a/., 1999);
• hydrotalcite - able to remove anions and metals from solution (Lehman et
a/., 1999); and
• lignite - able to remove organic species from motorway stormwater
(Pendry, 2001).
Heavy Metal Removal
Synthetic zeolites (MAP and y) and hydrotalcite exhibited the greatest heavy metal
uptake (- 100 %). The natural zeolite clinoptilolite was not quite as effective at
removing heavy metals (84 %). It has a higher silica content (lower theoretical
exchange capacity) and contains a low proportion of exchangeable sodium ions. The
pillared clay had a Significantly lower capacity for heavy metal uptake than the parent
clay. This was assigned to the exchange of inter1ayer cations for the large pillaring
species. Heavy metal removal by lignite was related to particle size, with the greatest
removal (90 %) observed for the smallest size fraction (125-250 urn).
Selectivity
All ion exchange materials tested exhibited a high selectivity for lead, which is typical
of zeolites (Yuan et al., 1999) and clays (Cooper et al., 2002). Lead has a relatively
low hydration energy, therefore the hydration shells surrounding the ions are more
readily stripped allowing them to access the zeolite framework.
Removal Mechanism
The pH of solution decreases on contact with lignite, owing to the exchange of
protons for heavy metals. The zeolites induce a rise in solution pH as hydronium ions
are exchanged from solution and replaced by sodium. This could indicate some
heavy metals are removed from solution by precipitation. However, there was
evidence of an ion exchange reaction with the zeolites, clays and lignite as elevated
levels of alkali/alkaline-earth metals were present in the solution with heavy metals
present compared to without (doubly de-ionised water).
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The removal mechanism for hydrotalcite was not ascertained. There were slightly
higher levels of magnesium in the heavy metal solution, but a pH increase was also
observed, implying a precipitation reaction was a possible mechanism.
Heavy Metal Uptake of Pillared Clay with Sodium Present
There was no evidence for the increased sorption sites on the hydroxyl surfaces of
the pillars or improved heavy metal uptake of the pillared clay in the presence of salt,
as suggested by M$tthes et al. (1999).
It was concluded that synthetic zeolites and hydrotalcite were potential materials for
the application, by virtue of the high heavy metal removals shown, and thus merited
further investigation.
6.1.2 Heavy Metal Removal Mechanism with Hydrotalcite
Initial experiments showed that the anion exchanger hydrotalcite was able to remove
heavy metals from solution. Two removal mechanisms were proposed: surface
precipitation as a result of the induced alkaline pH (Lehman et al., 1999) or heavy
metal substitution with magnesium in the structure of hydrotalcite (Komareni et al.,
1998).
A series of experiments were conducted to ascertain how the heavy metals were
removed from solution by contact with hydrotalcite. The main findings were:
• magnesium released was not directly related to the pH of solution and
consistently higher levels were not found in the heavy metal solution;
• heavy metals are also removed from solution by contact with magnesium
oxide accompanied by a pH increase (to pH 10);
• thermogravimetry of heavy metal exchanged samples of hydrotalcite did
not show evidence of any significant substitution with magnesium.
It was concluded that hydrotalcite was not able to significantly remove heavy metals
by substitution with magnesium in the structure and that a surface precipitation
reaction was a more likely cause for the reduction of heavy metals in solution. This
makes it unsuitabl~ for use in treating motorway stormwater as the heavy metals
could be readily released back into solution when contacted with runoff of a lower
pH.
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6.1.3 Synthetic Zeolite Batch Experiments
A series of batch experiments were carried out on the synthetic zeolites MAP and Y
to fully assess their heavy metal exchange capabilities. The water content of each
zeolite (determined by thermogravimetry) was taken into account in order to use the
same mass of dry material. The theoretical exchange capacities (TEC) of the
zeolites was calculated from XRF data to be 7 meq g-1for zeolite MAP and 4 meq g-1
for zeolite Y. The main findings of the experiments are summarised below.
pH Control
The pH of solution needs to be controlled in measuring the heavy metal exchange
capacity of zeolites to ensure precipitation does not occur as an additional removal
mechanism. Two methods were tested - adjusting the solution to an acidic pH to
minimise the pH increase on contact with the zeolite and adjusting the pH of a zeolite
slurry prior to the addition of heavy metals. The high concentration of heavy metals
used inhibited the hydronium exchange reaction and the pH did not significantly
increase. Hydronium ions were removed during the pH adjustment of the slurry,
leading to less exchange sites available for the added heavy metals. The solution pH
adjustment method was chosen for subsequent experiments. Zeolite Y appeared to
have a high affinity for hydronium ions, as a lot of sodium was released which could
not be assiqned to heavy metal exchange.
Zeolite dose
Several doses of zeolite were tested for their removal of heavy metals from 50 cm3 of
solution. Hydronium ion exchange was significant at high doses (1 g) but errors were
magnified at low doses « 0.05 g). The optimum heavy metal removal was found at a
ratio of 0.1 g zeolite I 50 cm3 solution. Lead was preferentially removed by both
zeolites and this was enhanced when an excess of heavy metals was present in
solution.
Contact Time
The heavy metal uptake over time periods of 5 minutes to 24 hours was studied.
Zeolite MAP removes lead and copper rapidly but cadmium and zinc uptake was
gradual (20 - 94 % Cd, 20 - 80 % Zn). A lower amount of heavy metals is removed
by zeolite Y but the process occurs rapidly and remains consistent with time.
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Heavy Metal Uptake
Zeolite MAP was able to remove more heavy metals from a mixed solution (4.5 meq
g-1)than zeolite Y (0.8 meq g-1).The theoretical exchange capacity of zeolite Y was
only 20 % used, for zeolite MAP utilisation was 70 %. This could be explained by the
lower exchangeable sodium content of zeolite Y (also contains exchangeable
protons) and its affinity for hydronium ions in solution. Increased contact time does
not improve the heavy metal uptake by zeolite Y, suggesting some exchange sites
are not accessible or attractive to the heavy metals.
Selectivity was similar for both zeolites for Pb > Cu > Zn - Cd. The presence of lead
in solution reduces the removal of the other heavy metals, particularly zinc and
cadmium.
The synthetic zeolite batch experiments provided useful information on the heavy
metal ion exchange reaction in synthetic solution. Zeolite MAP has a high capacity
for heavy metal uptake, which would mean a long useful lifetime in a treatment
facility. However, there is a practical problem with the use of these synthetic zeolites
as they are of a fin~ consistency (particle size < 5 11m).
6.2 CONCLUSIONS OF APPLICATION FOCUSED EXPERIMENTS
The ability of an ion exchange material to remove high quantities of heavy metals
from solution is a useful property, but there are other considerations for their
application to treating motorway stormwater. Some important requirements for a
suitable ion exchange material are:
• large grain size to be contained in a filter bag/cage in order to prevent
release into the environment and to allow for regular maintenance;
• ability to remove heavy metals from the motorway stormwater matrix,
which contains other contaminants at variable concentrations;
• not be affected by the seasonally large amounts of sodium and chloride
ions in solution, resulting from the application of de-icing salt in cold
weather periods, and calcium present as water hardness.
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6.2.1 Large Grain Size Zeolites
A range of synthetic zeolite pellets (A, X) and a granular natural zeolite (mordenite)
were tested for their heavy metal removal capabilities (5 mg dm-3 mixed heavy
metals in 10 min), as these would be more practical for the application.
The 'noodle' shaped zeolite X pellets (- 2 mm) showed the greatest heavy metal
uptake (44 %). In this case the natural zeolite, mordenite, removed a greater quantity
of heavy metals than the spherical synthetic pellets of zeolite A and X. Testing the
crushed pellets and powder forms of zeolites A and X showed 100 % removal. This
indicates the agglomerate nature of the pellets is responsible for the low heavy metal
removal not the presence of a binding agent. The reduced external surface area per
unit mass and hard coating limit the diffusion of the heavy metals in solution to the
exchange site in the zeolite in the reaction time provided. A compromise between
heavy metal removal and practical particle size is required. The lignite tested
previously appears suitable in relation to these considerations.
6.2.2 Motorway Stormwater Tests
The ion exchange materials identified as potentially useful from the initial heavy
metal removal experiments (synthetic zeolites, natural mordenite and lignite) were
tested in several simulated and spiked motorway stormwater solutions. This provided
useful information on the potential use of the various ion exchange materials to treat
motorway stormwater.
Motorway Stormwater
Some of the added heavy metals attached to the fine particulate in motorway
stormwater and formed insoluble carbonates, thereby reducing the levels of heavy
metals in solution. This was significant with lead and reflects the behaviour of the
heavy metals in a treatment system. The ability of the ion exchange materials tested
to remove heavy metals was not affected by different sources of motorway
stormwater or the presence of fine particulate matter.
Synthetic Zeolites
The powder synthetic zeolites (MAP and Y) were the most effective materials at
removing heavy metals from spiked motorway stormwater. However, calcium ions
were also removed from solution (around 70 - 170 mg dm-3) in exchange for high
quantities of sodium ions (around 80 - 250 mg dm"). This occurred to a greater
extent with zeolite MAP (higher exchange capacity), which also induced a pH
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increase to around 9. These changes to the solution chemistry would impact on the
aquatic environment.
Mordenite
The uptake of heavy metals from spiked motorway stormwater by mordenite was
generally poor (23 %) and significantly lower than removal from synthetic solution
(57 %). It appears that the presence of dissolved contaminants in the motorway
stormwater matrix inhibits the exchange of the heavy metals. This could be through
the presence of competing ions or a change in speciation of the metals to forms not
readily taken up by the zeolite. The selectivity series (Pb > Cu > Cd - Zn) remains
the same in both solutions, suggesting a change in speciation is unlikely. The
presence of sodium (chloride) and calcium (carbonate) did reduce the heavy metal
uptake in the synthetic solution, but not to the extent of the motorway stormwater
solution.
Ugnite
Lignite (250 - 850 urn) was moderately effective at removing heavy metals from
motorway stormwater (79 %) by ion exchange with alkali/alkaline-earth metals (Na,
Ca, Mg) and protons.
6.2.3 Effect of Contaminants on Heavy Metal Removal
The influence of dissolved road salt and calcium (carbonate and nitrate) on heavy
metal removal (5 mg dm? in 10 min period) was assessed. The uptake of heavy
metals from solution was found to be effected by the presence of other
cations/anions in the following ways:
• alkali/alkaline-earth metal cations are preferentially exchanged from
solution, reducing the capacity for heavy metals;
• chloride ions appear to form complexes with cadmium which are not
readily removed; and
• carbonate anions in solution reduce heavy metal uptake through the
formation of insoluble heavy metal compounds.
Lignite and mordenite appear to reduce the levels of sodium in solution, suggesting
competition was partly responsible for the reduced heavy metal removal. Zeolite Y
showed a dramatic reduction in the amount of cadmium removed but no sodium was
taken up, suggesting the formation of cadmium chloride complexes may be
responsible. Zeolite MAP remained unaffected.
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The materials also re-eluted the previously exchanged heavy metals when contacted
with a dissolved road salt solution, owing to exchange with the sodium or calcium
ions. Mordenite readily released all heavy metals (except lead) at even a low road
salt concentration (653 mg drn? Na). The release of heavy metals varied with sodium
concentration with lignite and mordenite. Zeolite MAP retained the heavy metals
well, some cadmium release occurred at the highest salt concentration (10% Cd
released at 2022 mg dm-3 Na). Lead is the most selectively taken up and most well-
retained heavy metal.
The presence of calcium in solution, as carbonate, enhances the removal of heavy
metals from solution, due to the formation of insoluble carbonates. This is
undesirable as the heavy metals will re-solubilise in changing solution conditions.
Calcium as nitrate does provide competition for exchange sites with the heavy
metals. Zeolite MAP is again unaffected.
6.3 RECOMMENDATIONS AND FUTURE WORK
6.3.1 Heavy Metal Removal from Motorway Stormwater by Ion Exchange
The potential use of various inorganic ion exchange materials to remove heavy
metals from motorway stormwater has been investigated. An ideal material has not
been found as there are advantages and disadvantages to all.
Synthetic zeolite MAP has a high heavy metal ion exchange capacity and is not
significantly affected by the presence of dissolved road salt. However, it may have
serious environmental implications by releasing sodium, removing calcium and
causing the solution pH to become alkaline. These effects are not as severe with
zeolite Y, but the heavy metal uptake is lower and the presence of dissolved road
salt inhibits the uptake of cadmium and re-elutes exchanged heavy metals. Both of
the synthetic zeolites have the practical problem of low particle size.
Mordenite is a granular natural zeolite and would be easy to contain in a treatment
system. It also has a high exchangeable potassium content, meaning less sodium is
released. However, these advantages are offset by low heavy metal uptake in
motorway stormwater and competition from sodium in solution for the exchange
sites. The presence of even a relatively low concentration of dissolved road salt re-
elutes most of the previously exchanged heavy metals.
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Lignite has reasonable heavy metal removal efficiency in motorway stormwater and
only releases low levels of alkali/alkaline-earth metals. However, this suggests that
the exchange capacity will be low and therefore the useful lifetime of the material is
limited. There may not be the possibility of regeneration, but is potentially
economically viable as the material is a by-product of another manufacturing
process. There is also the advantage of the simultaneous removal of organic
pollutants (Pendry, 2001).
All materials had a low affinity for zinc and cadmium, which are most likely to be
found in the dissolved ionic, and potentially more toxic, form in motorway
stormwater.
In general, ion exchange materials have the potential to be used in treating
motorway stormwater. A balance between the heavy metal exchange capacity, cost
of implementation/regeneration and environmental implications needs to be reached
in choosing a suitable material.
6.3.2 Areas for Future Work
The application of ion exchange materials to a motorway stormwater treatment
facility is a potentially beneficial solution to reducing the heavy metal load. The
following areas for future work would investigate the proposition further.
Speciation
This research has indicated that the speciation of the heavy metals in motorway
stormwater may be crucial to how readily they are removed by ion exchange
materials. It would be interesting to determine if there is a correlation between the
proportion of cationic heavy metal present and removal efficiency. The presence of
various organic species (e.g. humic acid, oil, hydrocarbons, phenol) in solution is
especially likely to change the heavy metal speciation and hence affect the heavy
metal removal.
Materials
Zeolite MAP was found to be a promising material in terms of heavy metal removal
capacity and heavy metal retention, although it is too fine to be able to use in a
treatment facility. It would be useful to produce a pellet form that would be
macroporous to allow adequate diffusion of heavy metal ions and stable in storm
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conditions. A potential binder material may be hydrotalcite, which would have the
advantage of simultaneously removing some pollutant anions (e.g. en
Another problem associated with the use of zeolite MAP is the release of high
concentrations of sodium ions, which may have a detrimental effect on the aquatic
environment. An alternative is to use a potassium form, as it is also readily
exchangeable and would not adversely affect the environment.
More Realistic Conditions
The materials need to be extensively tested in a broader range of motorway
stormwater solutions, i.e. collected from different sites in different weather conditions
or seasons. The highest heavy metal load is likely to be found immediately after a
heavy storm with a long preceding dry weather period (first flush effect).
Designing a more realistic simulation of the treatment facility would be useful in order
to assess the affect of water flow rate and temperature, which are likely to be
different from laboratory experiments and influence the heavy metal removal. For the
design of the treatment programme the useful lifetime of the material and
regeneration procedures would need to be determined. Setting up long-term field
trials to monitor the heavy metal removal efficiency and other environmental
parameters would also be necessary before the scheme could be implemented.
6.3.3 Summary of Thesis
The novel use of ion exchange materials to remove heavy metals from motorway
stormwater has been comprehensively investigated by extensive batch experiments
testing a range of potentially suitable ion exchange materials. The study has focused
on the specifiCapplication by consideration of the heavy metal removal capabilities in
the solution matrix, effect of dissolved de-icing salt and the size of material that
would be practical. The findings have been of interest in debating the use of natural
versus synthetic zeolites for environmental applications. A balance has been
reached between $cientific understanding, economic concerns and environmental
implications.
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A 1 - Statistics
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A 1 - Statistics
The equations for the statistics used in this work are detailed below (Miller and
Miller, 1993). All data were calculated using Microsoft Excel.
Arithmetic mean
The arithmetic average of a set of measured values, which is the sum of all
measurements (Xi) divided by the number of measurements (n):
(A1)
Standard deviation
The distribution or spread of measurements around its mean:
s= ~~(x; -x)2/(n-l) (A2)
Re/ative Standard Deviation
A measure of the relative error for a set of measurements expressed as a
percentage:
RSD% = (si x)lOO (A3)
Linear regression
The least squares method of finding the best linear fit, relating instrument signal (y)
and concentration (x) to provide a calibration:
y e mx+c (A4)
where m is the gradient of the line and c is the intercept on the y axis, which can be
calculated by:
(AS)
c=y-mx (AB)
An unknown concentration x can then be determined from the instrument signal y.
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Correlation coefficient
This is a measure of how well two sets of data correlate, calculated to ensure the
calibration follows a linear relationship. If the value is close to + 1 there is a perfect
positive correlation.
r = 1/2
{[~(Xi _:;)2][~(y, - y)2J}
Ltx; -~)(y; - y)}
I (A7)
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APPENDIX B
Material Characteri§ation
81 - XRD patterns for ion exchange materials tested
82 - XRF data for iQn exchange materials tested
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APPENDIXC
Experimental Data from Chapter Four
C1 - Clay and PILC with sodium present
C2 - pH controlled hydrotalcite experiment
C3 - Heavy metal uptake in single heavy metal solutions by zeolites MAP and Y
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C1 - Clay and pillared clay (PILC) with sodium present
Table C.1- Concentration (mg dm") of Na, Ca and Mg present in solution after
contact with heavy metal solutions with sodium present
Na Ca Mg
Initial 194 442 nd nd nd nd
Clay 22S± 1 397±6 0.4 ± o' 2.9 ± 0.1 1.6±0.1 3.2 ±O·
PILC 191 ±7 372±2 nd nd 0.5 ±O· 0.6 ± O·
- .-~'nd - not detected « 0.1 mg dm )
mean ± standard deviation o' = standard deviation < 0.1
C2 - pH controlled hydrotalcite experiment
Table C.2 - Solution pH of blank and heavy metal solution after contact with
hydrotalcites at varying initial pH
Reheis Ineos
Initial pH Blank HM soln Blank HM soln
5 8.4 8.3 8.8 8.8
6 8.2 8.4 8.9 8.8
7 8.5 8.3 8.9 8.9
8 8.3 8.5 8.9 8.9
Table C.3 - Na concentration (mg dm-3) of blank and heavy metal solution after
contact with hydrotalcites at varying initial pH
Reheis Ineos
Initial pH Blank HMsoln Blank HM soln
5 0.6 0.7 0.2 0.2
6 0.3 0.3 0.2 0.1
7 0.5 0.4 0.2 0.2
8 0.3 0.3 0.1 0.1
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APPENDIX D
Experimental data from Chapter Five
01 - Recorded pH of solutions after contact with spiked and simulated motorway
stormwater solutions
02 - Cation data for spiked centrifuged motorway stormwater solutions
03 - Heavy metal removal efficiency results for spiked and simulated motorway
stormwater solutions
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01 - Recorded pH of solutions after contact with spiked and simulated
motorway stormwater solutions
Table O.1 - pH of spiked (MS+M) and simulated (SMS) motorway solutions before
and after contact with ion exchange materials
SMS MS+M
Initial pH 3.2 7.1
Synthetic zeolites MAP 8.8 8.5
Y 6.8 5.8
X pellets 3.9 5.3
Natural mordenite <2mm 3.6 5.3
2-4mm 3.7 5.5
Lignite 250-850 urn 3.1 4.9
850 -1400 urn 3.6 5.3
Table 0.2 - pH of spiked (MS+M) and simulated (SMS) motorway stormwater
solutions before and after contact with ion exchange materials
OMS+M IMS+M WMS+M SMS+Na SMS+Ca
Initial pH 7.1 7.2 7.2 3.8 7.0
zeolite MAP 8.9 8.7 8.8 9.0 9.5
zeolite Y 6.7 6.5 6.6 6.9 7.5
mordenite 6.3 6.3 6.3 3.4 4.7
lignite 5.8 6.0 5.9 3.2 3.6
- 245-
02 - AlkaliialkaUne-earth cation data for spiked centrifuged motorway
stonnwater solutions
Table 0.3 - Alkali/alkaline-earth metals in spiked motorway stormwater OMS+M
(Silt trap) before and after contact with ion exchange materials
Na+ t(" Mgz+ CaZ+
Initial 86 4 4 136
zeolite MAP 367±5 nd nd nd
zeolite Y 209±5 nd nd 66±2
mordenite 98±4 11 ± 1 8±1 151 ±4
lignite 84 to· 4±1 8±1 121 ±2
- _-.l,nd not detected « 1 mg dm )
mean ± standard deviation O· = standard deviation < 1
Table 0.4 - Alkali/alkaline-earth metals in spiked motorway stormwater IMS+M
(Interceptor) before and after contact with ion exchange materials
Na+ ~ MgZ+ Ca:l:+
Initial 105 5 8 170
zeolite MAP 368 ± 12 nd nd nd
zeolite Y 221 ± 1 nd nd 62±3
mordenite 108 ± O· 13 ± 1 10 ± O· 168 ± 1
lignite 104 ± O· 5 to· 11 ± 1 150 ±S
-c-nd = not detected « 1 mg dm )
mean ± standard deviation O· = standard deviation < 1
Table 0.5 - Alkali/alkaline-earth metals in spiked motorway stormwater WMS+M
(Windlesham) before and after contact with ion exchange materials
Na· K"" Mgz+ CaZ+
Initial 86 2 5 156
zeolite MAP 330±5 nd nd nd
zeolite Y 176 ± O· nd 2 to· 47 ± O·
mordenite 90 ± 1 9±1 7 so' 148 ±2
lignite 87 to· 3± O· 9±0· 135±3
- _-.l,nd not detected « 1mg dm )
mean ± standard deviation O· = standard deviation < 1
-246 -
03 - Heavy metal removal efficiency results for spiked and simulated
motorway stormwater solutions
SMS
KEY to sample codes
M8+M
OMS+M
IMS+M
WM8+M
SMS+Na
SMS+Ca
simulated motorway stormwater (heavy metals in doubly de-ionised
water)
spiked motorway stormwater (Oxted, silt trap)
centrifuged spiked motorway stormwater (Oxted, silt trap)
centrifuged spiked motorway stormwater (Oxted, Interceptor)
centrifuged spiked motorway stormwater (Windlesham)
simulated motorway stormwater (heavy metals in doubly de-ionised
water plus sodium chloride)
simulated motorway stormwater (heavy metals in doubly de-ionised
water plus calcium carbonate)
KEY to ion exchange materials
MAP synthetic zeolite MAP
y
pX
M
L
synthetic zeolite Y
synthetic zeolite X pellets (noodle)
mordenite « 2mm)
lignite (250-850 urn)
~100;;.:::-
ra 80>o
~ 60~
aZn
.Cu
OPb
OCd
Figure 0.1- Heavy metal removal (%) for synthetic zeolites after contact with
simulated (8MS) and spiked motorway stormwater (MS+M)
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Figure 0.2 - Heavy metal removal (%) for lignite, zeolite Y and MAP, in spiked and
various simulated motorway stormwater solutions
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